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SUMMARY 



Fat igue c ont inups to "b^ an important causp of s^rv- 
icf^ failurps in highly str^^ss^d structural m^mlDprs of 
aircraft. Fatigup cracks of d^t^cta'ble dimpnsions 
usually cannot "bp found until aft^r a r^lativply long 
period during v^hich suitahl^ preparation for such cracks 
is madn "by ccntinupd strpsssing. Oncf^ such a crack is 
started, howpvor, complpt'^^ failurp may Ida anticipatpd 
within a short timp, oftpn 10 pp-rc^nt or less of thp 
total service life. Dptpction of fatigue cracks, evpn 
of visihlp dimpnsions, is jft^n difficult and is usually 
practically impossible during oppration." Therp isurgpnt 
rippd for some mpans of dptpcting and pvaluating the dpte — 
rioration brought on "by f at igue^-s tr -^s s ing "before cracks 
apppar and of evaluating thn damage causpd "by fatigue 
cracks aft^r they have'rpachnd detpctalsle size. 

In a.ttempts to dptpct -and evaluate damage of this 
kind, the impact "behavior of normalizpd SA:^ X4130 steel 
was studied aft^^r a varipty of repeatpd strpss treat- 
ments. Fatigue sppcimens of s^v^ral types wpre used and 
the effectr^ of surface finish, rpst periods, stress ampli — 
tudp , mean strpss, stress concentration, and temperature 
during repeated strpss received consideration. Compara- 
tive impact— tpst rpsults were obtained for spvpral tem- 
peratures ranging from room tempprature to —78^ C. 

The rnsults serve to e^iphasizp the spriousness of 
fatigup cracks, particularly at low temperatures, but are 
rpassuring in the casps in which fatigup cracks are ab- 
sent or have not developpd to a size permitting detec- 
tion. 
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I . INTHODTJCTICIT 
Practical Importanc/*^ of Fatigup Failurc^s 



A largp portion of s^-^rvic^ failures in load—tearing 
mpmlDprs cf high— spp'^d machines ar^ fatigue failurps. 
This situation, which is psppcially trup cf aircraft, 
speras unavoidatlp for two gpn-^ral reasons: Pirst, it is 
far morp difficult to d-tprminp thp strpngth of a c^mpli— 
catpd structurp under vibratory strpssps than undpr static 
loading; and, second, it is often difficult or in^pcssilDlp 
to prpdict what thp dynamic loading conditions will "be, 
particularly during resonance vibrations . The s-^cond 
difficulty is often aggravated "by faults in design and a 
variety cf surface conditions difficult to assess, such 
as inferior wachining, corrosion, erosion, and abrasion. 
Any of thpse ir r e gular i t i p s may rpsult in concentrations 
of strpss for which it is difficult to makp amplp allow- 
ance in thp design. Dpspite thpse difficulties, thp 
actual number of fatigue failurps in aircraft is very 
small. The increasing dependability of aircraft is 
attainable only by promptly detecting and rpplacing dam- 
aged parts as well as by maintaining high standards for 
initial quality of materials, dpsign, and workmanship. 
An pxcellent" rpvipw of thp prpvpntion of fatigue failures 
has bepii preparpd by thp staff of Eattelle Memorial 
Institute (rpferpnce l), 

A fatigue fracture often occurs suddenly aftpr a 
long and apparpntly satisfactory sprvicp without visiblp 
deformation or de t pr i or at i on . Once a fr:tigU'=> crack has 
progrpssed to a dptpctablp size, howevpr , it is usually 
propagated at an ever increasing rate and total failurp 
of the part may bp pxp-'^ctpd v/ithin a timp that is a small 
pprcpntage of th'^ sprvicp lifp. Detection of fatigue 
damage is s-ure only after a crack has developed, and it 
is oftpn difficult or pven impossible to discovpr the 
troublp in timp to prevent failurp of thp mpmbpr. 
Although gr.pat orogress had been made in thp tpchnique of 
crack detection, thpre is urgpnt need f-cr a nondestruc- 
tive m.ethod of detecting fp.tigup damage before a crack 
starts.'- 



Intprnal Progrpssivp Changps Dup to Failure 

It is assumed by many that an obscurp progrpssive 
change occurs within the mptal preceding thp formation of 
a fatigue crack. The often repeated observation that, for 
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a givpn amplitude of str^^^ss in thp. unsafp rango, a fatigue 
crack appears after a fairly definite numbpr of strain 
cycles has "be^n imposed and that thp higher thp amplitude 
of the strain cycle thp smallpr thn numher of cycles 
rpquired tc start the crack for a givpn matorial and type 
of loading may "be rpcalled in support of this assumption. 

■Many attempts have heen made to determine the nature 
of the differpnces in thp metal "before and after it had 
"been f at i gue — damage d , short cf cracking. These attempts 
are cf two kinds: ( 1 ) ' r e lat i v e ly fundamental studips that 
includp microscopic studips of slip and analyses of X— ray 
diffraction pattprns and (-2) empirical studies of the 
influencp of fatigue stress on": various mechanical and 
physical propertips, such as hardnpss, internal friction, 
impact resistance, magnetic propprtips, strpngth under 
static "bending loads, and pndurance in a second stage of 
rppeated stressing, 

Mlcr_os_t_ruc t.ur p_and_X— ^ Muc h 

valuahlp information has "be^n olDtainpd concerning the 
intp.rnal changps that result from f at igup— s t r ps s ing. G-cugh 
(rpf^r.-^nce 2) sh'^wed that, for largp singlp crystals, thp 
fatigup strpngth of various mptals could, "be pxprpssed in 
t^rms of maximum rpsolvpd sh^^ar strpss on thp slip planps 
and that slip cn thpsp planps always precpded thp opening 
^'^f a fatigup crack, C^thpr studips c^f thp m i cr os t r uc t ur p 
of metals "bpforn and aftpr f at i gup — s t r p s s i ng havp shown 
that slip lines and dpformaticn "bands may b ^ dpvplcped "by 
Doth saf^ and unsafp ranges of fatigU'-^ strpss, at Ipast 
in polycrystallinp samplps of soft iron and prohahly in 
Gcmp othpr' mptals as notpd in rpfprpncps 3 and 4 and thp 
discussion "by Grpningpr of rpfpr^^ncp 5. 

Thp pr-^spnc^ of d'^formaticn "bands in thp micrcstruc — 
turp ^f a m'^tallic crystal indicat-^s that thp strain 
in thp crystal has not 1: p*^' n hom.ogp np ous during plastic 
dpformatien: that is, in C'-^rtain rpgiens thp dpformation 
took placp al'^ng c om"b i na t i ons of slip planps and slip 
dirpctions diffpr-^nt from th'^ combinations in othpr rpgiens. 

In gpnpral, plastic dpformaticn as shown "by slip lin^s 
rpsulting from cyclic strpss is not in itsplf an indication 
of wpaknpss in thp matprial. On thp contrary, incrpaS/r^g in 
hardn'^ss, tpnsil<^ s t r p ngt h , ' and fatigup limit oftpn accom- 
pany thp devplopment of slip, lin-'^s. Thus thpre may two 
opposing procpssps at work during rpppatpd strpss; gpnpral 
s t r pngthening hy strain hardening and the dpvplopmpnt of. 
local "scrp spots" whprp cracks may oppn. If thp amplitude 
of thp vihratcry strpss is "bplow th^ f'atigu-^ limit, thp 
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s trongthpning "by strrin hardening app'^^.'^.rs to prpdominant , 
but, if th'^^ stress is in th^ unsafe ran'gp , a sor^^ spot 
often givps risp to a fatigup crack in spite of the general 
strengthening effects. Metals differ greatly in this re- 
spect. The fatigue limit of snme inptals ina7 "be thus raised 
or lowpred "by repeated understress or even raised hy re- 
peated overstress if the nu:::her of cycles is sufficiently 
limited. 

In the study, "by X-ray diffraction, of the structural 
changes that occur during thp fatigue of a metal, the 
desirability of focusing the beam on a sore spot wheir--:-a 
crack is pxp^ctpd to oppn is apyjarpnt. If thp spot is a 
grpat deal smallpr in cross section than thp X-ray b^am. 
thp indications of damagp will bp grp^tly restrictpd and 
also maskpd by rpflections from r^lativply undamagpd 
matprial. This fact may account for thp failure of num^r^ 
ous X-ray investigations of fatigup to show dpcisivply a 
critical diffprpncp b^tvpen f a t i gup-damagp d and -undamagpd 
mptal. Although thp crpation of dpforraation bands during 
strpssing is not in itself an indication of damagp. thp 
fact is well pstablish-^d that any fatigup cracks which may 
bp formpd as a rpsult of continu^~-d strpssing havp thpir 
origin within rpgions of slip (referpncp 2). 

A valuabl'- contribution to thp knowlpdgp of the naturp 
of intprnal changps in mptal during fatigu- strpss has 
bppn madp by Wood .^nd Thorpe (rpf^rpncp 6), whos'- conclu- 
sions covering only annpalod brass ar summarizpd as 
follows: S-lip and th^ primitive yinld ar^- supprpsspd and 
thp yipld -ooint is pprman'^ntly raised by rapid cyclic 
strpssing in pqual tpnsion and comprpssion at strpss'-s 
wpll\obov- th- primitivp static yi^ld point. Thp dispprsal 
of thp grains into widply oripntec crystallitps is inhibit- 
ed and intprnal latticp strains arp introducpd by rapid 
cvclic strpssps in thp uns-f^. r-n-p, No attpmpt was made 
to distinguish bptwp-n thp pffpcts of safp and unsafp 
rangpsof sbrpss - that is, strpssps bplow and abovp thp 
^atigup limit; hov;pvpr , somp pffpcts of rpppatpd strpss m 
• tbp unsafp rang- wprp cl-r-rly shj.wn to bp diffprpnt in kind 
from thp pfipcts of cold work as accomplishpd by static 
lcadin,r above thp primitive yipld point. Thp us- of 
latt icp-paramptpr -p asur e me nt s to dptpct fatiguP damage 
has been neglected; ypt, according to Wood and Thorpe, 
this featurp apT)ears to bp more cha r ac t pr i s t i c of fatigue 
than the usual qualitative estimates of spot diffusion. 
One difficulty is the low precision with which residual 
stress can be measured by X— rays. 
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of thp changps Ipading to th^ oppiiirxg of a fatigue crack 
is still vprv olDscurp and it may wpII Idp that thn volume 
of motal involved in thp critical changes is so limitpd 
in dimensions that available X—ray t '-^ chn iq.up s arp not 
f inp enough. It thus app'^ars that studies of microstruc — 
t\irp and X—ray diffraction patterns d^ not immpdiatply • 
off or a mpans of dptpcting fatigU'^ da;nagp ; a markpd rp— 
f inpHipnt in thp tpchniqup of such studies is npc-^ssary. 

niiiir iii^_and_jQi£.xiiianii:ai r -Ci^iir Aside from a 

fundampntal approach to thp pro*bl^=^m, thpre are a number 
of possibilities for studying thp resultant pffects of 
fatigue by suppl^mpntal tests of various physical and 
inpchanical pro-pertips. Such studies cannot be px-pf='ct<='(^ to 
rpveal what fatigue is, but thpy arp important for thp im— 
mediatp purposp of dpt^rmining to what extpnt thp various 
mp chani cal ' pr opp r t i p s may havp bppn impairpd and for the 
ultimatp purposp of forestalling fatigup failurp by noting 
impa iriiiPnt s and rp placing dpfpctivp parts, 

Th'-^ s ituat i on in rpgard to t h^ usp of s upp I'^mp nt a 1 
tpsts is psspntially as follows: 

•Kardn-'-ss tPsts offpr thp advantag'-^s of b^ing c^uick, 
in'^xp-^ns ivp and fr<=^qupntly hcnd^s truct ivp . Thp change 
in hardness resulting from rpppatpd over st r e s s , h owe vpr , 
is usually a very small i n c r p o s p which cannot bp p x b'r p s s p d 
in terms of damagp to thp mptal.. . Also, thp indentpr uspd 
in thp testing dpvicp may not. ha"open to strikp a "sorp 
spot" whprp thp damagp is grpatpst and, pvpn if it did, 
thp spot might bp too sm.all to affect apiDrpciably thp 
r e sul t . • 

Damping studips havp not provpd adpquatp for mpasur— 
ing fatigup damagp in sprvicp. Such mpasur pm^nt s arp 
spnsitivp to cold work and a nu.nbpr of othpr factors, all 
of which t^nd to obscurp any small pffpcts on thp damping 
charactpr is t ics that may accompany fatigup damagp. 

Many studips of intprnal friction havp bppn reported 
in thp litpraturp. In a fpw instances thp i nvp s t igat or s 
^^rc^r^ ablp to"- sho''" progrpssivp changps that sp/^mpd to fol- 
low thp c-oursp of fatiguP in' thp prp-crack stag^, Thpsp 
changps occ'urrpd In samplps o-f fairly purp mptals care- 
fully annpal^d at thp start. Apparently no one has been 
able to obtain s imi lar • pos i t i ve indications on ot-her mcnte- 
ri'als'. Fpw"er studies of magnetic propprty changPs have 
been madp , but othprwise thp situation is about thp samp. 
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• Ma!?n'=tic m^asur pm'^nt s on stp^l fatigup si:<^cimpns "by 
Pischpr (r <=f '^nc'^ 7) havp failed to distinguish "b<^tw^^n 
safp and "unsaf^-^ ranges of str-^-ss. Fischer showed that 
th--^ magnetic changes obs^rv^d vjr^rr^- such as would Id ^ 
caus-^d 'by partial r^li-^f or r p d i s t r il3ut i on of initial 
T'-'^sidual str.-^ss^s ?.nd that th^ ma^^^n^tic chan^^^s produced 
"by und'^rs tr '-^ss ing and hy ov ^ r s t r ^ s s ing diff.-^rod only in 
magn i tud--^ . 

Th^ static "binding str-^ngth of notched sppcim'^ns 
f at igu^ — s t r p s s ^ d ct lov^. t mpr^ r atur s was usf^d "by David-^nkow 
and Sch'^wandin (r ^^f ^ r <^ he ^ 8) to d^t^ct fatigue damage, and 
losses in h'^nding strength in thp pr-— crack stag-- of 
fatigU'-" v/'^rp r'^port-d. Th.'^ir m-^thoc' of cTvck d--^ t c t i on 
appears to hrv--^ h^^n insensitive and apparently no attempt 
has "been mad^-^ to confirm their rec-Lilts. 

"Endurance in a second stage of i a t igu--^— s t r e s s i ng has 
h'^en used to -establish ^'damage lin'^s" and curves of equal 
damage (references 9 to 1^). "Second stage" d'-^signates a 
second or supplementary run in a fatigue machine at a 
suitable stress, usually different from the first. Such 
tests are t ime— c onsuming and arp not suitable as a routine 
method of detecting damage in service parts. The belief 
that detecting or estimating the degree of damag'^ in the 
pre-crack stage is possible is, however, given strong sup- 
port. In a few of the second— stage tests, n.-^w fatigue 
limits wer.-^ det^rmin^-^d following fatigue — stressing as the 
first stag'-^. In the search for methods of detecting fa- 
tigue damage, an imr)ortant and obvious fact may be over- 
looked - that a pi-ce of metal damag'-^d in one s---ns^ may 
hot be damaged at all in oth->r r--sp^cts. Sp.'-c if ically , 
the "damag"'^ lin^s" T)reviously mentioned cl-^arl.y d-^^mons tr a t e 
that a m^tal may b^ so damag^-d by cycles of unsafe stress 
that 'its' subseo^uent endurance at th*^ sam^^ stress is r-^duced 
considerably, although -the fatigue limit has not been low- 
ered.' According to the "damage line" definition of damage 
by French (reference s), no damage has been- done in spite 
of the fact that the r^^sistance to a certain value of over- 
stress has been reduced. 

Impact testing has been used i-n attempts to evaluate 
fatigue damage, the f^n^^^r^y required to break a specimen 
by r-apid loading being th-^ o^uantity measured. Tnis quan- 
tity is commonly called impact r^^siptance or impact en- 
ergy. Oshiba ( r ef p r nc •'^ s. 14 and 1 5 ) , e x o r i m--- nt ing with 
annealed carb on s t ^ e 1 s , r^-^ported losses in impact resist- 
ance following r'=pea;ted stresses both below and. above the 
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fatigu'^ limit. I^To attonipt was madp to dpt^ct fatigu-'^ 
dama^^ in hi^h— s t r -^ngth materials, and, although somp 
d'^crpasps in impact r^sistancp w^rp associated with th^ 
apD^arancp of cracks, th^ low^rpd impact valups for 
f-atigup sppcimpns in thp pr*^— crack stag*^ actually indi^- 
catpd fatigup damagp, Thp work is inc onclus ivp , howpvpr , 
r^gardin^z thp utility of this procpdur-^ to thp study of 
fatigup in aircraft matprials in thp prp— crack stagp. 
Kins and Quick (rpfprpn-cp 16) found no loss, in notchpd— 
"bar impact r^sistancp of 25S-T aluminum alloy r'-'-sult ing 
from rpppatpd strpssps bplow or alDOiVp thp fatigUp limit. 
Thp im.pact sppcimpns wprp cut from specimens of uniform 
circular cross section in thp reducpd oortion that ha.d 
"been f a t i gue— s t r e s s p d by axial loading in the Haigh ma- 
chine. The material throughout thp impact specimens had 
the important rdvantage of highly uniform stress history; 
however, the surface layprs of the fatigup specimpns had 
"been machined away in making thp impact sppcii:-pns and the 
most spyprely damagpd portions of thp fatigue sppcimens 
could not tiierpfore influpnce thp impact — tpst results. 
Fur thprmor p , th-' int r '^duc t ion of a machinpd notch may be 
exp-^cted to havp a profound effpct rn th^ impact rpsist — 
ancp and thprphy ma sk any pffpct of fatigup. 

Expprimpnts by Portevin (r f p r nc p 1?) on notched 
bars cut from err. nks haft stppl previously strpsspd as a . 
rotating cantil-^-vpr beam coulc! not bp exppcted to yield 
much information, both bpcausp of thp introduction of a 
m^achinpd notch and bpcausp notchpd rpctangular bars ma- 
chinpd from rotating bpam fatigup sp-^cimpns contain mate- 
rial that is dpcidi^c'ly nonuniform as to strpss history 
anc^ do not contain th^- matprial nparpst th^ surface whprp 
fatlgup damagp is greatest. 

From thp forpgoing c on s i dpr a t i.ons , it sppms that in 
no casp has impact tpsting as a mpans of pvaluating fatiguf^ 
damag*^ bppn tripd on a high— s t r pngt h aircraft matprial 
uncipr th^ most fpvorabl^ conditions. 

Th--- fact that aircraft arp frrqupntly (?ppratpd at 
tpmppraturps of -55^ C and occasionally at t -^-mppr a tur p s of 
-65^ C also has important b-^^aring on th-^ choicp -of a tpst 
■orocedur'^ for da.-:ag'=^ dptpction. Such sprvicp conditions 
are particularly exacting on parts required to withstand 
shock loading. It is wpH known that staels, esppcially 
ferritic steals in the form of notched bars, generally 
exhibit vpry low impact rpsistanc-e at temperatures bplow 
some critical value. The temperature range in which and 
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"b^low which pxcpssivp "brittlpiipss undpr impact is to "bp 
f^x"0pctpd dpppnds on a numhpr of factors, cnp of which is 
thp spypr'ity of any stress raispr such as a notch (rpf — 
prpncp- 18), In thp casp of unnotchpd sppcimpns of nor- 
ma lizpd SA'S X4130 stepi not suhjpctpd to r'^ppatpd strpss, 
no diff-prpncp has "b^^n found "bptwppn thp impact r^^sistancps 
at room tpmppraturps and at -33^ C. This matprial is 
widply usp'd for tuhular— f ramp construction in aircraft^ 
Thp avpragp impact rpsistanc^^ of notchpd "bars of this ma- 
tprial — for pxamplp , Charpy impact sppcim^ns - stpadily 
d^crpasps whpn th^ tpst "t^mppraturp is pr cgr p s s i vp ly low- 
prpd from 20"^ to -78^ C (rpfprphcp 19). Fatigup cracks, 
"bpcausp of thpir pxtrpmply sharp roots, may hp pxp-^-ctpd 
to causp much morp drastic pmhr it t Ipmpnt than thp Charpy 
notch of ccmpara"blp dppth in this tpmppraturp interval. 
It is important, thprpforp, that thp rangp of testing' t^m— 
ppratures includp thp opprating rang^. 

Prom thp f or p going rpvipv/, ii:ipact tpsting apppars a 
good choic^^ for furth-^-r study of latigup dampgp among the 
approach'^s thus far attemptf^d h--"- caus'^^ immpdiatp rpsults of 
practical int^rpst arp ootainahlp, 

I'l. MATERIAL,- TESTING MACHINES, AI'L SPECIMENS 
H^at Trpatm^nt and Rpsulting T-nsile Prop^rtips 

"Thp matprial consistpd of l/S-inch squarp "bars of 
SAEX4130 chr omium— molyhd'^nuin stppl of thrpp diffprent' 
heats. Thp grain siz^s and compositions as dptprminpd by 
thp manuf actur pr * s analys^^s of thp thrpp heats arp givpn 
in tahlp I. Banding in varying hut usually slight d-'^grep 
was 'found in thp structurp of thp matprial as r^c^ivpd for 
all thrpp hpats. 

uinp hatchps w^rp normaliz-'^d s -^^par a t p ly • Thp normal- 
izing trpatrapnt consistpd of holding thp stppl in Ipngths 
of 12 to 18^inchps for 60 t o ' 100 ' minut p s a t " 1600^ P (871^ C 
in a protpctivp ktmosphprp, rpmoving it from thp furnace, 
and cooling in air to th^ tpmp-^raturp of thp room. Thp 
slight scaling of thp surfacp was of no c ons ^^qupnc p hpcausp 
thp sppcimpns w^rp invariahly 0.250 inch or small'^^r in 
diampter at thp test spction and all sp^ci..:^ns wprp ma— 
chinpd from thp cpntprs of thp hars. S t r uc t ur a 1 ha n d ing 
was much Ipss in pvidpnc^ aftpr normalization. 
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T'^ns i 1 pr oP'-^r t i ^ s (talDl-^ II) of ^ach of th'^ nin^ 
'batch'^s W'-^-r-^ d'^t^rrnin^d with an Amsl-^r machine and r'-^cord'^d 
on a Ea.ldvin Southwark autogr.aphic r^cord'^r. 

Notch'^d Krons'^ Fatigu^- Sooeiru-^ns — Tr ans V'-^r s Impact 

Both notch-^d and unnotch^d fatigu^ sp>'^ciiT:pns w^r^ 
us-'^d. Th.-^ notched sp^-* c ini'-^ns w^r--^ cylind'-^rs 0.250 inch in 
diam^t^r outsido th'^ notch and --^ith'^r 1^ or S.inch^^s long, 
d'^p^nding on which of tv.^o Krous^^ rotating;' cantil'^v^r ma- 
chines -was us<^d. It v/as ascertained that this diff^r-^nc^ 
in length mad^ no s i ee'n if i c a n t d if f '^r nc in th^ m.-^asur^-d 
irapact r s i&-t anc , Th^- nc ir c 1 ing no t ch-^ s had slfoing 
sid^'^s forming an an^^l'^ of 46^, Th-^ notch roots w<^r<"- of 
circular contour ,f;;round, th-^n polish'^d sue c ^ s s iv'- ly with 
■wot- strings impr gna t <^ d with ^m^ry povrd-^rs, aluminum 
oxid^, and rou^^-'^. 1^ if f <^ r n t • d'^^pths of not ch^- s . and, dif f '-^r- 
►■^nt radii of root contour vprp us^d. as not^d in thp tables 
of results to hp discussed. 

Transv^rsp irapact tests cf the notched s'oecimens were 
made with either a 3 C~f oot-pound C harpy mach i ne or a 7- 
foot-pound Amsler machine, depending an. the range rpq.uired. 
Comparisons wprp rp?tricted to t<=^sts'madp in the samp ma — 
chinp. Thp notched sppcimpns broken in impact at —20^ C 
and at -78^ C w^r^^ cooled in a 1:1 mixturp of, carbon t^t- 
rachloride and chloroform to which bits of dry ic<^ wpre 
addpd as r^ouir-^d. 

Unnotch^d Hoorp and Haigh S "o c i i^:^ ns - Tonsil-- Impact 

Smooth (unnotch-d) sp-cim-ns of two kinds w^rp us^-d; 
r ota t ing-bpam sppcimpns for th'-- d , R, iioor-^ machin^^ and 
axial-loading s'o^cim-'^ns for thp Haigh machino; th-- over- 
all -1 '^ngt hs of thp sTo^cim^ns wpr- -4 inch-^s and 4-^ inch'^s, 
r p ST)^ ct i v^ly . Both ty-v^s of sr)-^cimpn had a minimum -diam— 
pt^r of 0.200 inch at th-^ cpnt'-r. D.-tails of th^ ?.loorp 
and Haigh s 'o^^ c i m--^ ns arpgivnii in r ^f '^r •'^ n c s 2 0 and. 21, 
r s p ^ c t i V 1 y . 

Two surface- fini^h.-^s of slightly diffpr-nt dpgrp'^s of 
fin'^n-^ss W'^rp us^d on th^- smooth (unnotchpd) fatigup spec- 
imens. ■ Th-^ finishing opprations w^r^^ carripd out as fol- 
lows: • One . <"-nd -.of the . spec im^n vy^as h^ld in the collet of a 
bench lathe r,,nd turned slowly by hand whil-^ longitudinal 
strokes with thp polishing paper wpre applied with finger 
pressure, 'F C'V th'^- coarser finish d^ s ign--^: t p d in this rpport 
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as aloxitp, two polishing pap'^rs w-'^r"'^ "as^d, fir?t 1 G- 
^m'^ry inad^ "by Norton Company, and th^n ITo. 4C0A Aloxit^ 
mad'^ "by Th'=^ .Carl: or-undum. C ompany . ^or th^ fin'^r polish 
d'^signat^d 4/ 0 , th^ pr^^vious tr^atm^^nt v/as follov/d "by 
similar applications of S/O , ?/0, and 4/0 f^m^rgy papers 
(B ohr— Manning ) , 

T^n^sil^ im-oact t s t s of th<^ nnnotch^d sp-^ c imf=^ns w^rp 
madp with a Charpy impact machine of 225— f o o t — p ound' ca- 
pacity, Sppcial precautions v/'-^r^ tak^n to minimize "bind- 
ing during th^- t'^nsil^ impact; this pffp'ct is mor<=* pro- 
nounced thp grp-at^r thp plongation during imioact. "Elonga- 
tion undar impact was d^tprmiri^d on a 2— inch gag^ Ipngth 
and is" pxprpsspd in inches of total pxt-^nsion for th^ 2— 
inch I'^^ngth. 

In conducting th^- impact tpst at low t '-^mp^^r a tur p , thp 
tpnsil^^ impact sp-^cim-'^n was coolpd to thp dpsirpd tpmp^r — 
aturp "by immprsing th--^ tup of thp Charpy mach'in'p , with 
specimen and crosspi^cp attached, in a tank containing a 
1 : 1 mixture of water and ethylpnp glycol to which dry ice 
was added as nep'ded. The tiinp requirpd to remove the 
assembly from thp hath and to "break thp specimpn was from 
3 to 5 seconds. The rise in t p mp ^r at ur e during this in— 
tprval was dptprmin^d hy a thprmoccuplp p^pnpd into a 
practic'p sppcimpn. Thp t p mp^^^ r at ur at thp instant- of im- 
pact was thus dptprminpd to he from —32^ to ~340 C. 

III. EVALUATION OP FATIGUE DAMAGE BY SUFPLBME5FTAH Y TESTS 

In 'ordpr to study thp ons^t of damagp and thp pff^-^cts 
of fat-igup cracks on impact rpsistanc^, it is npcpssary to 
considpr th'^ r'^^sult-s of many individual tpsts as w^ll as 
thp rpsulfs as a wholp. For this purpos^^ a varipty of 
sppcim'^n shapps, fatigup machinps, and t s t conditions wpr-p 
us p d • 

EFFECTS OF REPEATED- STRESS HxFO AT ROOM TEMPERATURE 
Sp'i^cimpns Strpsspd "b^low thp Fatigue Limit 

Exp'^rimpnts wpr^^ pprformed to dpt'^rminp wh^-^th-pr cyclic 
strpssing hplow thp fatigup limit is dptrimpntal to- impact 
rpsistance. Spvpral typps of sppcimpn wprp uspd undpr a 
variety of conditions as follows: 
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Notchf^d specimens stressed as rotating cantilpver 
"beams in a Krouse machinp were tested under a variety of 
conditions (table III)» No loss in impact resistance was 
detected regardless of the diifer'^nt notches, testing 
temperatures, or stress treatments. No cracks v^erp found 
"before or aft^r th^ impact t^^-st. Examination werp made 
with a hand Ipns and a. "binocular microscope. 

Smooth (unnotch'^d) sppcimens v/ptp subjpctpd to a "bout 
20,000,000 Stress cycles in the fatigup limit range (fi. . R. 
Moorp machinp) and thpn "broken in tensile impact pith^^r 
at rooip tpmppratur^ or at -77>o C (tabl^ IV). No decrpasp 
in impact rpsistancp or ^-longation was found at ^ith^r 
tpmperatuTp and thprp was no pvid^ncp of cracks "bpf ore or 
aft^r thr- im-pact t-^sts. Examinations by use of a binocular 
microscopp wpr^^ m.ad'^ both with and without a wpt magnaflux 
tr^atmpnt of thp sppcimpn. 

Sp^ c im^^ns . t ha t ha d bppn str^ss-^d by axial loading 
in a Haigh machin^-^ bplow th-^ fatigue limit wprp brokpn in 
tonsil*^- impact. Tablp V shows thp stress trpatmpnts and 
thp rpsults. No significant losses in impact rpsista.ncp 
w r n 0 1 p d . 



Sppcim-^ns Strpsspd abovp th^ Fatigue Limit 

No.t^hp.d^f ati^li£l_s.paaim£Ln^_br^t^a_in^ 
a t 0 t p m ^ e r atur £l-»_aI^z:iaQ2._C _a ^ Th^re ar^ 

a f^w advantages in thp usp of notchrd sp^^cim^ns which 
apply mainly to thp study of t'hp ^ffpcts of ovpto tr es s ing . 
Th^s*^ advantages ar e .as f ol 1 ows : Thp notch simulatps con- 
ditions of stress concpntrat i on oftpn found in sprvicp 
parts. Thp positionof thp fatigue crack is rpstrictpd, 
which mak'^s crack dpt pct i on Ipss t imp-c onsuming . Impact 
tpsts at a numbp-r of low tpmppratur^s can bp madp rplativply 
easily. A disadvantage is that th<^ p^^rmanpnt dpformation 
dup to impact cannot bp'mpasurpd accuratply. 

A group i>f 100 notched sp^-cimens (batch 4) with a 
notch 0.040 inch' depp and a roc^t radius of 0.01 inch was 
us'^d. A fpw sp'^cimpns wer*^ brokpn in impact in thp un— 
strpss^d condition, but th^- m.ajority w^r^ first fatigue — 
strpsspd as rotating cantilpv-'^r bpams in a Krous^ machine 
for various numbprs of cycles of th'^ sam..-^ nominal strpss, 

0,000 pounds p'^r squarp inch, bas^d on thp diamptpr at 
th^ root of thp notch with no allowancp for stress concpn- 
trat i on . • 
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Tw^lv"^- of th^ notched sp^ciru^ns w^r'^ allov/<^'d to fail 
in th^ fatigU'^ machines. Th<-'^ir ^nduranc^s w^^r^^ fairly 
"v^nly scattr-md from 310,000 cycl-s to 10,000,000 cycles. 

Th^' av'^rag'^^ impact rpsistanc^s d^^t^rmiri'^d for sp^ci — 
rn^ns at various stages of fatigu*-^- ar^ plotted aga ins t . t 
t ^mp^r a tur of impact t^st in figur-^ 1, Th^ av^rag-"^- impact 
r^sistanc^-s af t or ^ 400 , 000 , 500,000, and' 600,000 cycl--s 
v/pp^ w^ightod to allow for th'"- sp-^cim^ns that had z<^ro 
impact r^sistanc^ as a r-^sult of fatigu'^ failures. (S^^^ 
a-Q-o.^ndix A.) Comparisons of th^ av^rag'^ impact r .-^ s i s t anc ^ s 
*bof or^ and af t^-r str'=^ssing ar^^ giv^n "in tabl^ I . Th^ 
ta'bl^ shows gr^at^r p^r c^nt a.g*^ losses at low t'^mp^r atur-'^s 
than at room t '^mp^r a tur for th^ s^o^cim^^ns run 200,000 
cycl'^s or mor . 

Th'-^ notched sp'^^ c im^-^ns of hatch^-^s 1 and 2 previously 
t^stpd (tabl-^s VII and VIII) w^r--^ not studi^^d in such d'^- 
tail as th^ notchf^d sp'-^cim^^ns of "batch 4, All th^ r-sults 
ar , hownv^r , in good agrp^m^nt insofar a^s th-'^ complptnnpss 
of thp data permits th^ following conclusions to "b^ drawn: 

1. Fatigup damage as shown "by a lowprpd. impact r^- 
sistancp hp^ran in thp sam^ range of strpes cyclps whether 
m'^asur^d at room tpmperaturp, at —20^ C, or at —78^ C. 

2, Thp onspt of lovT'^red impact rpsistancp was accom— 
panipd "by th^ appearancp of surfacp cracks. Lov/ impact 
valups wprp v^ry rarely found without d'^tpctahlp cracks. 

3..FatigUp cracks wer-^ far morp dptrimpntal in impact 
tpsts at low tpmperatures than at room t emp'^ratur p^_ 

Studies of avprag^. «'a.lu'=s of impact-t^^st results of 
f at igup— strps sed notch-^-d SD-'^cimpns wprp of littl-'*^ us^ un- 
Ipss corrplatpd with thp pxamination and r.^sults of thp 
individual sppcim-'^ns. Thp variation in hphavior of indi- 
vidual sp^cimi.-^ns was vpry markpd and thp fact that sppci— 
m^ns had r^^c^iv-^d a cprtain numihpr of cycles of stress 
a"bovp th^- fatigu- limit vas of slight importancp in com- 
■oarison with th.-^ ou-'^-sti^n of whpthpr cracks had started. 
Somp notps on individual sppcim^ns arp giv'^n in appendix B. 

JJnn ot^hfid_flatig.li 
aL_,r oom_t:imp.iraiuro^ Thr-r^ arp cprtain ad- 

vantagps in th^ usp of unnotch^d sp^cim^-ns in stuc^ying th--^ 
onspt of fatigup damage' and thp influpnc^ of cracks on thp 
imT)act rpsistancp of stppl, Thpsp advantagps, which auply 
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mainly to th-^ study of th- <^ffncts of ov<^rs t rp s s ing arp 
as follows: B^^ttpr control of diamptpr of th^ sp^cim^n 

■ and its surface finish is possibl-- during machining and 
a largpr volume of m^tal with a grpatpr arpa of th'= sur- 
face lay^r is strpsspd at vpry n-^ar th^ maximum f ilDpr 
strpss. Thp d'^tpcticn of damag*^ in individual fatigue 
sp^cimpns is mor^ cprtain sinc^ thp scattpr in thp rp — 
suits of tpnsilp impact tpsts of unnotchpd sp'^cimpns is 
slight in comparison with th--^ results of transv^rs*^ 

'impact tPsts of notchod sp^cim^ns. Thp p<=rmanpnt <^longa— 
tion of thp sD'^cim.pns und'^r tpnsilp imD^^.ct can hp mpasur^d 
with sat isf act o]:y prpcision in most cas^s, Th^^ intprpro — 
tation of thp t^^nsil^ impact r-^sults for damaged sppci — 
mpns , ^sppcially at lov^-r t p mp<^r at ur p s , is simplified h'^ — 
causp of th« narrowness of thp scattpr as compar^^d. with 
machine— not chpd specimens. 

Two diffpr^nt surfac«=^ finishes wpr^ us^d in most of 
t hp • e xper ime n t s w i t h sm,ooth (unnotchpd) sp^cimpns strpsspd 
a'oovp thp f i^tigU'-^ limit "because of the generally recog- 
nized importancp of this variablp in the formation of 
fatigue cracks. The two surface finishes used wpre dp— 
scrihpd in detail in a prpcpding section. 

The Moore specim-^ns v/erp all strpsspd at iL80,000 
pounds per square inch in the H. Moore machinp. Th^ 
fatigup limit of thp matprial was ±59,000 to +62,000 pounds 
-P^r squarp inch. Supplpmpnt ary t'^nsilp impact tpsts were 
made at room temperature and at — .?3^ C. The impact energy 
and thp plongation are given in figures 2 and 3, respoc — 
tivply; the results obtained with the 4/0. and al'^xitp sur- 
face finishes are shown separately. All specimens showing 
impact rpsistance less than 4? fr^t— pounds (fig. 2,) were 
• found to contain unm i 3 t aka'b 1 p sur f ac e cracks- after the 
impact test. ilo specimen showed more than twc^ cracks, and 
one spe c ime n , vh i ch showpd an impact energy of 48.1 foot- 
pounds at —'"'^,'^0 C, had a visiol-'^ crack. Ail sp'^cim^ns 
showing less than 0.130-inch eion^.ation (fig. 3) had vis- 
ihle cracks. This effect was also true of the specimen 
having an impact resis.tance of 48.1 frot— pounds after 
75,000 cycles of fatigup stress net shown as damaged in 
figure 2. 

All the specimens were examined with and without the 
w^t magnaflux treatment ,. under a. magnif icat i ^n as high as 
100 diameters,, immediately after, the rep^atpd str'pss treat- 
mpnt and again after the tensile impact test. 

The following summarizing 5 t at em- n t s are supported >y 
the results shown in figurec> 2 and 3: 
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'1, ITo significant differences in the endurance limit, 
the' impact energy,. or the elongation during impact could 
"be attritutpd to thp two diffpr^nt polishes uspd on spec- 
imens tested in fatigue by transverse loading in the H. R. 
'M 0 or ma c hine . 

2. Two was the maximum number of fatigue cracks found 
on any specimen regardless of the surface finish. 

3. Nr dif f ^r .--nee. was detected "b t w ^ n the tensile im- 
pact r^sistanc-e at -33^ C and at room temperature for thp 
stepl in the •p^r-'^-cr ack r.tage ^f fatigue, 

4. - The average elongation of the st^ei in the pre-~ 
crack s t age • of f at-igu<* during impact was s 1 i gh t ly -le s s at 
—33^ C than at room temperature, 

5. Damage of ste-^l fatigue-stressed for ahout the 
sam.e number of cycles was detected equally well by im.pact 
tests at rocm temperature and at —33^ C. 

6. The detection of fatigue daix^age by measurement of 
impact resistance -or of elongation was not achieved until 
after cracks had bepn developed in the material* 

Supplementary t^n-sile impact tests of. axia 1— load ing 
fatigue specimens were- made in a Haigh, machine with vari- 
able ratios of tension to compression. The results are 
■grouped in order of increasing mean tensile stress.. In 
Vhese -experiments', the t o n S" 1 1 e stresses during fatigue 
vrr. rp'in som'e cases sufficient to cause appreciable perma- 
nent sets- The maximum total extension was 0,075 inch. 

In order to int"erx)r et -these results, it is necessary 
to known' the relationship between extension during repeated 
stressing and the results of thp impact tests — that is, 
impact energy and elongation. 

"Extensions during fatigue were accordingly measurpd 
.for a numb'er of* spe^^imens of batch 9 and these measurempnts 
were plotted again?t tensil^- impact energy and elongation 
during impact, l^o cracks v;ere found either before or after 
the impact test, "^iyaminat ions were made with a hand lens 
and a binocular' mi cr osc-opp ." The results .ere shown in fig- 
ure 4, "'ah" " im'-pac t f r r c tur e s . vrer e ductile and, . niax i mum 
losses in elongation and impact resistance were considered 
s ma 11." 
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In gf^nr-ral, th<=^ grpat'^^r th^- previous pxt^nsicn th^ 
gr^at^r w^r^- th^ los.sps in elongation and impact ^n^rgy. 
Thp scatter was l^^ss o"bscuring in th^ cas^ of elongation 
"than in th^ cas^ of impact -^n^rgy. 

A numtpr of specimens (batch 9) w^r^ f a t i gun-s t r s s ^ d 
in pq^ual tension and comnrpssion (iripan strpss = 0) "by axial 
loading with the stress am-plitud'^s ranging from ±48,000 
to ±52,000 pounds p'^r squar.^ inch. Al o x i t p ^ f i n i s h was 

us^d on all th^ -s-D-ciK.^ns cf this group. "Sxaminat i ens 
with a binocular microscope w^rp mad'^^ aftpr r^ppat^-d 
'stressing and again after the tpnsil^- impact tests. The 
maximum number of cracks found in ?ny one specimen was 
four. Impact tests were mad^- at room temperature and at 
-,'^3'^" C. The. impact-test results and a report of th^ in- 
sp'^ctions are given in table IX, The following statem.-^nts 
summarize th^- findings: 

1. Th^r^ was no loss in impact resistance unless sur- 
fa:cp cracks were op-'^ned up by th^ tensil^ impact test. 
Such cracks could not always be detected in. advance of the 
impact test. 

2. In general, there was no loss in elongation with- 
out t he ■ s iffiultane ous appearance of cracks. A relatively 
unimportant exc'^ption was found in specimen HI 34c, 

3. Five of the spec imens , which showed only minute 
surface cracks after the tensile impact tests, showed no 
losses in impact resistance or elongation. This situation 
was unusual since, , in all other gr<^ups of tests, fatigue 
cracks werp always accomr^anied by losses in impact energy, 
and where -longations were measured losses were likewise 

detected. 

A grout) of Haigh specimens of batch 1 were subjected 
to repeated axial stressing in thp-rangp from -23,800 to 
' + 63,600 pounds t)^r sq^uare inch at a mean tensile strpss of 
1-7,400 pounds p^r square inch.- A 1 oxi t e and 4/ 0 finishes 
wpr^ used. Somp of th^ sp'^cim'^ns wer r emov-- d from the 
fatigu" machine before fatigue cracks appeared and some 
after cracks v/e're noticed. Ins iDe c t i on' f or craCks.was made 
with a binocular microscope following the- impact tests. 

Th-^- result s of 'the tensile impact tests at room tem— 
■oerature are shown in figure 5. Alth-^ugh the number of 
s-oecim^ns was not larg.^, the following indications s^^m 
clear ; 
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1. ThPTP v..'as no loss in Impa.ct r^sistpncp pxc<^pt for 
sppciiTiPns con t a inin.<^ fatigue- cracks, 

2. Thp damage as.shov/n "by low^rpd impact rpsistancp 
was postponed "by tlip finpr 4/ 0 polish. 

, All th<^ s -o^-^ c irn^ ns containing cracks had thp aloxitp 
•polish. Th'^^ cracks w^r-'^ num<=rous, th^r*^ h^ing morp than 
ICO in on-^^ sv^cimr^n . .Thp coars^rpolish ►-^vicipntly contrib — 
utpd to th^ formation of nnmprous surface cracks in this 
spt of sp^cimf^ns. This r-^-sult is in contrast to thp prp — 
vious findings of v-^ry fpw cracks in Haigh sppcimpns and 
Moorp s p^- c i nif^ ns at z'^ro m-'^an str'^ss. It is thus indicated 
that thr^ mpan tpnsil'^ strpss and th^ coarspr polish t o~ 
g^th'^r w-^-r--^ r^-spons ihl^ for th^ largp numhpr of surfacp 
cracks found in thp pr'^spnt s-^t of sp^ciin«^ns. 

4. Pour crack— fr-"^ s p'^- c im^-^ns not rpprpspntpd in figur^^ 
5 w^r--^ hrok'-^n at — C. Thps^^ sp-^c im-^ns show^^d th-^ samp 
impact r ^ s i s anc as crack—frp- sp-cim^-^ns brok'^n at room 
• t ^mp'^r atur -'^ . 

Twenty— two Haigh sp'-^cimpns (batch 3) w^rp subj^ct^d to 
rpppatpd strpss at a mpan tpnsil--^ str-^ss of 31,000 pounds 
p^r squarp inch in th^- rang'-^ from —15,200 to+77,3C0 pounds 
ppr squa.ro inch. On- sppcimpn had th-<^ coarspr aloxit^- 
finish and th--^ r'^^st had th^ 4/ 0 finish. Aftpr th^^y w^r^ 
str-^ss-^-d for various numbprs of cyclps and th'-^n brokpn in 
t'-'^nsilp impact, 10 so'^cim'^ns having thp f i npr • pol i s h w^'^r^ 
found to contain surfa.c-^ cr acks • whp n p xa.minp d with a binoc- 
ular micr OS cop'-^ . 0f••th^s^'^ sp^cim-^ns, fiv^.had b^pn br<?kpn 
at room t^mppraturp and fiv^ at --33^ C, Th^ maximum num- 
ber of cracks found in any on-^ s-Q'^cim'^n was fiv<:^, and two 
cracks was th^ usual numbpr. 

On th*^ oth<=^r hand, th^ on*^ s p p c i m.-^n.KI 4 9 with thp 
coarser polish dpv^loppd at I'^ast 25 surface cracks. An— 
oth'=^r similar sp'^cim^^n HI 6B from a diff-^rpnt bateh. (batch 
. 9) run at th^ sam'^^ strpss , d'^vplop'^d spvpral hundrpd surfac 
cracks" aft^r 17,000 cycles. • , 

It is th^r^^for^ again v i d p n t • t ha t with th^ aloxitp 
polish m'any mor^ surfacp cracks form-^-d than with th--^ fin^r 
4/0 "oolish. ITo loss in impact r^sistancp occurrpd ^xC'-^pt 
in thp sp'-^cim-'^ns that d^v^loppd surfac^^ cracks. 



A group of Haigh sp^-'^cim^ns (batch 9) was subj-'^c t '-^d to 
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T'^-D^at-'^d strr^ss.at a m^^an t^^nsil- stress of 50,000 pounds 
ppr squar-^ inch in th^- r^ng^ from 10,500 to 89,500 pounds 
p^r squar<^- inch, Aloxit*^ and 4/0 finish^^s wpr-'^- us^d. 
Th-'^ spr^cim^ns w^r'^- r- mov^-d .af t^'^r various numbers of str-ss 
cycl'^s and thp ppman^^nt pxt^nsions acquir^^d.in th^ 
fatigue machine . W(^r measur<=^d. The surfaces v^re examined 
for cracks with the aid of a binocular microscope. Ten- 
sil'^^ impact t<=»sts wpre thpn rnad^ at room temperature and 

cxt —[^r^-^ C and th^ sp.-^cimpns wf^rf^ r xam i n -^^^.d . Th^* impact- 
test data ar^ shown in figures 6 to 9. Th*^- following 
d^-ductions w<=^r-- mad*^ from a stndy of thp r^^sults of th<=s^ 
t n s t s : 

1. Small plastic extensions (up to 0.025 in. total) 
wprr^ acquired during th'^ first fnw thousand cycles of 
stress. During this period, th^ stretch was gradual as 
was proved by th^ fact that th^ hrad of th^ Haigh machine 
had to h^ raised slowly tr k^-^^p thf^ air gaps pqualiz^d in 
thp magnetic driving mechanism of th--^ machine. After thp 
first fpw thousand cycles, no fu::^thpr adjustm'^nt of th^ 
h^ad was npc^ssary and m-^asur pm^nt s of th^ sp^cimnns 
showed that sppcim'-^ns run many thousand cycles had str^ch^^d 
no mor-^^ than sp-cimr-ns run a f'^w thousand cycl-s. 

2. Small Icssps in plongation (during t^nsilp impacts) 
r^sultpd from thp first fpw thousand cyclps of stress 
(figs. 6 and 7) in which plastic pxtpnsion had occurrpd. 
Aftpr this ad JUG t mpnt • ppr-i od thprp was no furthpr changp 

in elongation until aftpr f at igue- cracks had dpvpl^ped. 
It should "b^ rpcalled that,' in thp casp of Moorp sppcimpns 
('fig, ^^), no pprmanent spts w^-rp impos-^-d during fatigup 
and no lossps in -longatlon occurred as a rpsult '.of thp 
first fpw thousand cyclps of stross* This bphavior was 
interprptpl as showing that thp initial small lossps in 
plongation for th^-^ Haigh sppcim,^ns wpr^ dup to col'd work 
and that mpasurpmpnts of plongation in t^nsilp impact w^rp 
incapable of detecting any further progressive changps dup 
to fatigue until aftpr cracks werp star.ted. Cracks were 
found rn all sx)pcimpns that showed less than 0.120-inch 
total extension in the t e n s i 1 e • i mpa c t tests. 

.^. Losses in el ongat i on c oul d bp detected no earlier 
at -33^ C than at room temperature. 

4. As in thp case of the M o or e ■ s pe c i mp ns (fig. 3), 
elongations were slightly less at -33^ C than at room 
t emt>er at ur e . . • . 
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5. "No losses in iiapa.ct energy (figs. 8 and 9) were 
^vi(^ent until after fatigue cracks were started. Th^ 
failure of these results to show an er-rly cha,ngp due to 
cold v^ork such as found "by <^longation mea sur '^^ment s was 
at tr ilDut f=^d to th'= magnitude of th-^ scatter. This effpct 
was suggested "by th^ results of figure 4, 

6. Cracks w^r*^ found on all sr)ecim^ns having an im- 
pact resistanc^^ l^^^ss than 47 foot— pounds (figs. 8 and 9). 
No diff'^r^nc^ v/as d'^t^^cted in th*^ tensile imr)a. ct r<=^sist — 
anc^ at —3,'^^ G and at room, temperature for sp^-cim^ns not 
containing visihl*^ cracXs. It follows that th^ impact 
tests at -3«3^ C snd the impact t<^sts at room temppraturp 
wer^ at out ^-qually s-nsitiv^ in indicating th^ Doginning 
of cracks . 

7. As shown in figures 6 to 9, a f^w individual 

sp^ c im--^-ns • having th--^ 4/0 polish ^-^ndur^-^d s^v^ral tim^s a.s 
many cycl^-s of strrss without loss in ^'^-longption or i mp a: c t 
r'^sistanc^ as th-^ sp-cim^^ns with th^ aloxito finish xvhich 
were run to fa^ilur^. This result was contrary to th^ cas^ 
of thp Moor'^ sp'-^cimens (figs. 2 and 3). In that cas*^ the 
fin^r polish was no "better. Th^--* diff^r^nc^ was attributed 
to the de tr im^-^ nt-al effect of comlining small plastic ^x- 
t^nsions with t.he coars'^r finish. 

8. On th-^ . sp-c imens giv^n th-- fin^r 4/0 polish, th^ 
maximum numh^^r of sur f ace . cr acks was three. On th*^ oth^r 
hand, the. specimens giv^n th^ aloxit^ polish dev<=loped 
many - cracks , t h^ max imum' f cr on-^ spec iiii'^-n b^ing in.<^-xc^se 
of 25. • This situation was similar, to that found in prp- 
vious-ly discussed groups of Haigh specimens subjectpd to 
mean tensil*^^ st.res.s'^B of 17,400 pounds p^r square inch or 
more. - 

Tpsts. v/erp mad^ at a m.'^an' tpnsil^ ^t'T'^-ss Of 77,000 
pounds v^T sq.uare inch to ch^ck the pr^c^ding conclusions 
and to pxt^nd further th^ study of^ th^^ r p lat i on^o hiiDs "bo- 
twepn mp'an t-^^nsil-^ stress'^s and th-^ form.ation of surface 
cracks. Aloxit^ and 4/0 surface finishes w-^re us^-^d. Th^ 
range of stress appli'^d was from 27,000 to 127,000 pounds 
ppr squarp inch.. The sp'^cim^ns vrprp rpmoved from th- 
fatigu'^ machinp af t --^r ' var i ous numbers of cycles of strpss 
and th^n "broken in t'-^nsile impact at room t <^mp<^r a tur p and 
at —33^ C. Impact pnergi^s and elongations during th^ 
t^asil^ im-oacts vi^m m^asurpd. Examinations wer*^- mad<=^ 
with a "binocular microscopp before and aft^r thp im-oact 
t^sts. Kany of th^ cracks w^rp not found until aft'^r th^ 
SDecim^ns wer-"^ pull-^^d op*-^n in th'^ impact t^sts. 
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Thp impact pnr-rgips and elongations arp plotted as 
functions of the numbprs of prior stress cyclf=s in fig— 
urps 10 to 13, Figurp 14 shows thp rplationship "bptwppn 
impact '-^n^rgy and olongation, Th^ outstanding points as 
indicated by th<^ data arp as follows: 

1. Th--^ lossps in ^^longati^n (figr?. 1^ and 11; du'^^ to 
thr^ first fpw thousand cycles of strpss wprp a^out th-^^ samp 
as notpd proyiously for a m^an strPSS of 50,000 pounds p-r 
sq_uar^ inch. Th^rp vac no further change in elongation 
until aft^r cracks could >p dptpct^d. Hogardl^ss rf th^^ 
tpmppraturp at which th--^ impact t.-^sts w^^r^^* mad^ , cracks 
wc^rp found in all sp^-cirnpns shewing l^'^ss than 0,125— inch 
^xtpnsion during impact or at impact r^^sistanc^s l^ss than 
47 frNot-pounds (figs. 12 and 13). It is th^rpforp again 
p^vidpnt that m.p a sur p nt s of plrngation and tpnsilp impact 
rpsistanc'=' arp incapa'bl^ of detecting prcgrpssivp changps 
dup to fatigup until aft^r cracks arp started. 

2. Damage was d^tPct^^d no soon^^r by impact t<^sts at 
-33^ G than by t'=^sts at room t ^mp^r atur p . 

3. Thp 'Elongation in tr-nsil^ impact was slightly 
l«^ss at —33^ C than at room t mp^r a tur p • This ^ff^ct is 
pasily s^^^n in figurp 14, v/hich giv^s th^ rplationship 
bptwP'=^n impact ^n'^'-rgy and plongation for this group of 
sppcim<^ns. Th/^' scattpr in plongation was l^ast for un~ 
crackr-d sp-^^cim^ns (high impact rpsistancp) and for sp<=ci- 
mpnts having vpry larg<^ cracks (lov/ impact r <^ s i s t anc e ) . 
Thp scattPr in plongation was largp for sp^cimpns having 
int^rm^diatp impact r p s is t anc p s . This rpsult was dup to 
th^ prratic form of th.-^- fracturp surfacps and to thp dif- 
ficulty in fitting tog^thPT thp piPc^s rf somp of thp 
fracturpd ^p^cim^ns. Th^ oy^r— all limits of prpcision in 
mpa:sur pm^nt s of -elongations wpi*^ in most casps ±0.005 inch 
and npvpr morp than ±0,010 inch. 

4. Thp high m^an t'^nsil^ s t r s s f ac i 1 i t a t p d th^ pro- 
duction of numr^rous surfc?'^^ cracks for both surfacp f in^ 
ish^s. Th'^ surfaces b^camf^ so roughr^n^^d by strain markings 
during r^ppat'==d strpss that th^ two initial surf.qc^-^ fin— 
ishps w^r p ' us^ual ly indist inguishabl^:^ at and n^ar th^ c^n— 
t^rs of th^ sppcim'^-ns, ^v^n -though npcking was not appar- 
ent. 

5. In figur'^^s 10 to 13, it is appar^^nt that som^ in- 
dividual s-o^^cim^ns with th^ f inpr 4/ 0 polish ^nr'urpd mor^ 
cycl'^^s 9f strpss than any of th^ sppcim^ns with th^ aloxit--^ 
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finish which w<^r^- run to failure. This capacity to '=nd\iro 
morr cycl'^-s of stress was r^vidf^ntly not possoss^d all 
sp^^-cim'^ns rf this group with th-^ fin-^r polish. This fact 
may h'-^ •-^xplain'-d "by occasional imp^-^r f ^ ct i ons in th^ fin.-r 
polish. . 

6. Thus f?r it has app'^ar^^d that m--^ a sur <^ in^ nt s of im- 
pact r-^sistanc^ and ^^-longation ar^ not satisfactory indi- 
cators of fatigur damage in th^ pr^-cr-ck stag'^. 

R-^lat i onship h^tw^^n Crack Siz^ and Imp^^ct R^.sistanc^ 

Hr-moval of Cracks 

As pointed o\^t in th^ i.it r oduct i on , shock loading may 
a common occuranc^ in th- s/^rvic^ lif'^ of aircraft, 
particularly military aircraft. >TQtch--s ?r-- danger spots 
und-r such cond it i ons and, o^caus^ fatigue cr^^cks ar-^ proh- 
ahly th^ sharp.-^st kind of notch-'-s ^ncount^r^d in s^-rvic^, 
it is important to kno^^^ " th'^. ^ff'^cts of notch siz^ on im- 
pact r is t anc'-^ From a mor^. acad'^mic standr>oint .th^^ fol- 
lowing "^x-D- r im.-^nt s may h^ consid'^r^d as furth.-^r inv^stiga- 
tions'^to d^t--rmin^ th^i limits of sensitivity of impact t^sts 
in- d^t '^ct ing fatigti'^ damage. 

Study- was mad^ of sp-^cim^ns of h'-'tch^s ^ , 6 and' 9, 
w'hich had hopn f at igu'^'-s tr r.s s --^ d "by axial loading until, 
c-rackis -w^.r f or m^^ d " Th.^ sp-cim'-^ns w^r^ all th-^ sam^- siz^^ 
(■0.20C-i-n, •.uilnimum.-diam^t ^r > and initially had tho sama. 
char act •-•ristics und'-^r t-.-^ns i l--^ im-oact. Although i-t is. to 
h- ^xp'^ct'^d tha.t notch-d sp-^cim^^ns of . dif f .-^-r ^-nf h-atch-'^s 
may roil^ct vpry" small d if f --^.r --^nc ^ s in h^at tr^atm-^nt, it 
was found that th-^ r-^sults of th- t-nsil--- i m pac t •■ t ^ s t s . of 
th^ spo-c im^-^ns. of th-- thr'^- hatch^^s w-^r-^ har dly dis t inguis h- 
ahl^/ Av^rag^^ valu^-s f o'r impact ^-n'-^r gy and^ -v^longat i on- w^r ^ 
plotted against av^^rag^^^- s i z^- s- of or pics , Thp av-^rsgrs w^-r^ 
restricted to groups of individual t^st results falling 
within suitahlo intervals of crack siz^ in ord^r to dis- 
trihut^ the statistical w^^ights .as evenly as pr act icahl^ . 
"^ach individual test r-^sult ent.ered into only on^ average. 
Separation of groups was mad^.. acc or ding tc crack size 
only. , Un^oual class int-<^rvals wert=^ us.^d, S.^parate anal- 
ysis with ^qual class- intervals gav- th.-^ sam^ r.^sults >ut 
arn not includ^^d h.^r^, 

Tho crack, dimnns i ons ■ (length and maximum d.-^pth) wer--^ 
m^^asur^d "by a t r ave 1 i ng mi cr o s c op.-^. focused on th^ fractur^:^ 
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of th'^ sp^cim^n. Most of tho frpcturr-s studied showf^-d 
only on.-^ dpt^ctabl^ fatigue crack ontpring directly into 
th*^ fr^actur.-^ produc'-^d "b^y impact. In th-^ f^w impact frac- 
tures showing tv/o fatigu--^ cracks, thp dimensions of only 
th^ larg'=^r crack w^r^ us^-^d sinc^ its siz»'^ s^^m^-^d to 'b'^- 
th^ controlling factor. 

The variation i^f average impact nn^rgy ?rith av'^rj?g^ 
maximum crack d^jjth in t^sts conduct^^d at —33^ C and at 
room temperature is shov;n in figure 15. Values shown 
for specimens having zero crack depth were taken from 
tests of specim^^ns not stresg.-d in fatigue, Th^re v.ras 
no perceptible difference in the results at -^^"^ C and 
at r-^om t ^ mp'^r ri tur e s for specimens showing the smaller 
cracks. Por cracks more than 0.65 millimeter depp, that 
is, for penetration of over 1.^ percent of the minimum 
diameter of the sTD-'^cimen, the oy^rage impact resistance 
at -33^ C was l^ss than half the value at room t emper t ur e . 
This critical d^pth of crack at which the temperature 
effect "became im.portant corresponded to the steppc^st part 
of the comhined curve (fig. 15). 

The existence of a critical crack size at which the 
t mper a tur p eff^-ct "begins to show its^ilf was more claarly 
demonstrated v/hen the crack length wa.s also taken into 
account. Actually, tha ch:jrd defined hy the ends of the 
crack was measured and, for the largest crack mpasurpd, 
the crack Ipngth measurpd along thp surfa^cp exceeded the 
chord "by only 5-|- percent. At the critical size teyond 
which the hehavior at C differed from, that at rjom 

t ^-mperatur p , the arc exceeded th--^ ch:.rd hy only <^ , 7 per- 
cp^nt ♦ These discrepancies are so much smallpr than the 
rangp of scattpr in the results of thp impact tests that 
the term "crack length" will "be used instead of "ch:.rd" in 
this r ppor t . 

Figurp 16 shows the variation in a^veragp im.pact pjiergy 
with avf^^ragp valups for thp product of thp crack depth t7/ 
thp length dl, which is appr jximat p ly proportional to t.^e 
arpa of thp face jf the crack. F^-r values of this product 
excep-ding 0.7 0 square millimptpr, the ijss in impact rpsist 
ance was mor-^ s^^rious at -33'^ C than at room temperature » 
This critical size ci-rrpspjnds to thp stepppst portion :f 
tho cur VP , with the excppti.n jf th--^ initial drop. The 
ayprage Plongatij^n during impact (fig. 17) also d-^- cr p as -^^^ d 
rapidly as the prjduct dl r^-ached the value c :rr e sp ond ing 
to the divergpncp of hphavior for thp two temppraturps uspd 
The point of div^rgpnce corresponds to crack areas about 3 
percent of th-^ minimum cross section of the sppcimpn. 
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Thp q_u<^stion r'-^i^ains wh--^- 1 h'^r , in aircraft structur-s 
of nor Lia 1 i Z'-^d SA3 X41»30 st^^-^l that h?.vp "bpon sulDj^ctpd to 
vibratory str^ssps, low i.^pact rpsistancp will op pncoun— 
tPTPd ?t low t-pr:.p<~ratur PS . A partirl qualitative ansv/pr 
iiiay "be d^^ducpd froin thp forpgoing da.ta; no adv-rs-^ low— 
t p liippr at ur p pffpct sppins probatlp unlpss pxcpssiv^ly 
s-yp^p notches or ^c;_uivalpnt constraints to plastic flow 
p.T. ^. '^ui'bodipd in thp deGign or unlpss fatigup cracks of 
detpctat'lp sizp d^vplop. Thp data on unnotchpd fatigu-'^ 
sp.^cimpns show that v n-g(^ t^t d. strpssps a"bovp or "bplDw thp 
fatigup limit do not produce significant dpgrpps of pm— 
hrittlpp.pnt at t p rr.pp r a tur s as low as -33"" C, unlpss ^xcps- 
s ivp pprr.'ianpnt dpfomation r-^ suits cr until dptPctalDlp 
fatigup cracks arp producpd. In a pr^^cpding spction on 
notched rotating cantilpvpr s t)-^ c i ns , it was shown that 
no significant p ulDr it 1 1^... pnt at -20"^ C or at -78^ C rpsult- 
pd from rpppat-^d strpseing at roon tprappraturp unlpss 
d t c t ab 1 p cracks vr^r^ for^pd. As shown in figurps 15 to 
17, v^ry snail fatigUp cracks in unnotchpd st>pciripns do 
.Tiakp a considprablp diffprpnc^ in thp t^nsilp impact 
rpsistancp and in thp plongation under i:::pact. It apopars 
logical to assuiii^ that th^ lov^^r thp t pi.ip'^ r atur p th'^ 
s^iallpr will p th'^ critical siz--^ of cracks which producp 
an adv^rs^ 1 ow—t .r.pp r a t ur --^ pffpct on iiripact pnprgy and 
Plongation. This p^int has not t^^n invp s t igat '^d , howpv^-r . 

Additional p xp'-^- r i i.ip n t s w^-rp madp tc d'^t^-rmin^ v^h'^th^r 
th'-^ occurrpnc'^ of fatigup cracks is a c c oapan i p d "by detri- 
mental changes throughout th^ rpst of thp c-tal suhjpctpd 
to th^ san^ strpss trpatupnt as thp .uptal in thp iampdiatp 
vicinity of thp cracks. It has "bppn shown thus far that 
impact tpsts a.r'^ incapable of dptpcting fatiguP damagp 
unlpss cracks havp start-^d. Although small Iassps in 
impact •'^n^rgy and ^-longation v/'-^r^ sho^vn to accompany small 
plastic extpnsions acquirpd during fatigup (fig, 4), this 
^ffpct was id^ntifipd as a result of thp plastic d^for.aa- 
tion and not of rpp^titions of stress. 

It is to t'' •-xp'^-cted, therpfcr-^, that fatigUp sppcim^ns 
from which fatigu'^ cracks have bp-^n rp.^oV'-^d will show small 
lossps in -elongation and impact rpsi^^tancp, providpd plastic 
pxtpnsions hav^ hp-^-n impospd. Although it was anticipatpd 
from r -^f -r-'^nc-'^ 16 and from forgoing r'-^sults that no addi- 
tional pffpct would b^ found in th^ r'-^mrin.ing mptal aftpr 
crack r'^moval, it rpmainpd to shown xppr impnt ally for 
norraalizpd SA'^ X41.'^0 stppl wh-^-th'-^r such was th^ casp. 

Sincp it is r^quirpd that th- rpmaining mptal hav.-^ a 
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stress history th<^ san^ as that of th^ r :.io d mpf^^l, th^ 
condition is t"^st fulf ill'^d oy using sp^ci-^-^ns that hav<^ 
"b^^^f^n strpss^^d in axial loading* Tpnsil^^ iiTxpact t'-^sts 
^^I(^r'^ acc or dingly raavd^^ of such s p-'^ c ii-.^ ns , froi:! which sur — 
facf=^ la.y^rs containing fatigup cracks w^r^^ machined away. 
Comparison impact trsts wpr*-^ :*.ad^ on unstr^sspd sppcirn^ns 
and on sp^cimp-ns str^^tchpd during fatigup without dpvpl— 
oping f a t i gu p cracks. 

Owing to thp liL'.itPd I'^ad capacity of thp Haigh i.-ia— 
chin^ it was not convpni'^nt t o adr:.inis t pr rpppat^d strpss 
as pq^ual tpnsion and c oiupr s s i on , Sppcini^ns ahout 0.170 
inch in diar:iPt«=r would havp iD-^pn rpouirpd, and th-^y would 
havp >^p^n to^ small for satisfactory us<^ aft^r thpy w^r^ 
machinpd to rpmovp visible cra^cks . 

Sp^ciiApns having 0.200-inch :;-ini:num diampt^r w^rp 
str^sspd l-y axial loading, as shov/n in talr-lp X. As soon 
r-s npcking occurrpd or cracks w^^rp d'^t^^ctpd th'=* sp^ciiri^ns 
v;pr ^ r^movpd , machin^-d down, and polished to minimum diam— 
tprs of 0,170 inch or to 0.150 inch as shown in th^ tphlp, 
aftpr which thpy w^r^-^ tpst^d undpr t'^nsil'^ impact, 

Th'^ condition of t h« surfaces of two sppcim^-^ns aft'^r 
rpinoval from th^ fatigUP machin^^ is illustrat-^d f i gur p 
18(a). B^'-sidPs unmi s t akah 1p fatigUp cracks, thp surfacps 
contain strain markings that wpr--^ not visihlp hpforp th^ 
rpppat^d str^^ss trpatmpnt. Figurp ISCh) shows thp appear — 
ancp of thp surfaces of th^s^ sp'^cimpns aftpr thp fatigue 
cracks had "b-ppn rpmovpd by machining and th^ surf ac^' had 
bp^n r<^polishpd in prpparation for th*^" impact tpsts* 

All sp-^cim-^ns w^r.^ sub jp c t --^ d ' t ^ mpan tpnsil^*^ s t r .--^ s s --^ s 
sufiici-'^nt to causp s v^m^ pprmanpnt pxt^nsion. In tw.. 
cas<^s , HI 13a and HI 19a, slight necking .'Ccurrpd but 
without d^tpctabl<^ cracking, Aftpr b^ing machined d jwn tj 
0. 150— inch minimum d iamp t .-^r , • t hp s p sp<^cim^ns sh.jw^d 1 jwpr 
impact rosistanc^ than a companion spocim^n, -I from 
v/hich cracks had b '-^ p n- r r. m . v<^ d by machining. This result 
indicates that th^ "slight d if f ^r ncps prpvi._usly not^-^d 
can b^ attributed t ct>ld v/jrking,' i nd p p^ nd^ nt ly of th^ 
occurr.^ nc--^ of ■ cracks in th^ u t --^ r , r.-^m^V'-^d lay-^rs. 

T h ^ last four s p c i in n s g 1 v ^ n in t ri b 1 p X s h o w ^ d m i nu t p 
surface cracks -.p^^n^d up by tpnsil«=^ im.pact, of which only 
on*^ was d'^t^^ct^d prior tj thp impact t^^st. In t'ho abspncp 
of kn-wl^dg^ t th^ c:.ntr.ary, it can bp assum.'^d that fail- 
ure tv d^t^ct cracks may b^ p^ttribut^d to a.n insufficiently 
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s^'n.$itivf= method, if f -^r nc ^ s in th-'^ impact" rr-sistanc^ 
of 14 •p^rc-'^nt or l^ss t-^-low th<^ fiv^rsgf^ valu*^ for sp^ci— 
m^ns not str^ss^'^d in fati^u^' \<^r<^ o"btain«^d. According 
•to th«' r-^ suits of spoci;::^ns KI 13a and KI 19 a," "soiv:^ of 
this dif f '^r -^nc^ luS.y havA L^^n du'^ to th^ colo— v/ork^d con- 
dition of th*^ rn^tal. 

Thr- rr- suits shov/ that th'^^ ii..pact r s'i s t an'c'^ wa.s' 
slightly loW'-^r for f at igu^ — s t r ^ s s p d s p'^ c i i..--^ ns which had 
b<=^on miachin^d to rpniov--^ fati-gup cracks than for' sp^cin^ns 
.not suljj^ctpd t'o rpppat^d strpss, Thp dif f ^r '^nc ^ , if 
"r'^aJ. , 'is considpr^d too. si:.'al'l "to I'p of pngin^^'^r ing iinpor — 
tancA. 

rfpct of Int pr r;:i 1 1 '•'^nt R^st Pr-rioc's during !F a t i gu^— S t r --^^ s s i ng 

A th.pory of frtigup propospc' l^y Orowan (rpf^rpncp 22) 
night i nd i cat p tha.t int pr i:. i 1 1 ^^nt r^^st p'^r ice's during 
f "at i gu«— s t r s 5 ing would havp a "bpnpficial pff'^^ct on thp 
pnr'urancp 'of' a mptal, " It woulc' npcpssary, -how-^vpr , for 
thp t '-^.rrip-Ar a tur ^- to "b suf f i c i nt ly high r'uring resting to 
pror'uc'^ a str-^ss ann-'^al without s i::.ultanp ous ly soft'^ning 
th^ inat^rial enough to' loW'-^r its fatigu'^ strpngth. G-ough 
anr' Woor' (r^f>r^nc^' 2f>*) statpc" that, in th'^ir <^xp'='r i pncp , 
thp p nc'ura nC'p" o'f "fatigti-^ sp-'^cim^ns is alv/ays incr ^as'^^d "by 
r ^ s t p ^ r i 0 s • B a' ^ v s , G- p r o 1 d , an r"^ S c hu Iz (rpf^r^nc^ 24) 
r^^port^d that' incr '^^T: s^-^ s- in ^xc-^ss of 200 p'^^rcf^nt f ^r th*^ 
av^rag^ ^^nc^'iir ahc^s of tvro carloon st<^pls v/'^r^ o"btain-^d "by 
immprsing r otat in^?:— b'^a::. f a t igup s p^ ci i:.--^ ns in oil at 140^ C 
r^ur i^i'g' th^ r^st period's*,- Thpy also r'^Dort^^d that a 7— 
porcpnt incrpas*'^ in av^rag*^ pndurancp r'^sultpd from rest- 
ing at room tprnppraturp. Schulz and Piing^l (rpfpr'^^ncp 25) 
founr' that th^ --ndurancp of a, carhon st^^l su>j^ct<=d to 
r .-r^po p t '-^ d- i:.apact might l:-^ incrpas^d or d'^crpaspd dpppnding 
on thp schpdul^ of rpst ppri.ors at room tpmppratur^. On 
th-^ oth<^r hanc , Bollpnrath (r^fr-r^ncp 26) founr" that at 
room t •'^mppr atur p no Ipn^fit accrupd from rpsting of ov^r — 
strpss^d sp^c.i :;--'^ns of a chr Oi.iium— moly or?, pnun stppl, Eollpn— 
raths's data arp V'^ry complpt'^^ Hp coulo not, of course, 
invpstigatp all possi'o.l'^ variablps.. From a practical con- 
sideration, th^- Ipngth. of thr^ ras t " p-^-r i ods could stand in- 
vestigation for thp pmpirical rpason that such p--riods 
commonly vary a grpat da'al in sprvicp and for thp th^orpt- 
ical reason that conditions postulatpd cy Orowan might, if 
givf^n pnough ti^.-^^*, !• p' r p 1 i p v<=^ d li^y rpst p^-^riors. 

In vi'^w of th^ apparent unc .-^r t a i nt y conc^^rning th^ 
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n/=^C'^ssary concMtion for th^- r-^n^-f i c i a 1 «^fff=>ct of int'^r — 
mittpnt r^st p^^rioc^s, thp following pxpf^r ih-'^nt w.':^s 
unr^nrtak^n: Sixty— four sp-'^cin^ns (batch 5) w^r^^- fatigu<^ — 
str^ssf^f^. as transv^rsply load^cf rotating: "b^ans in th^ 
R, R. Moorp uachin^. Sonp sp^ciiii^ns v/pr^^- run continuously 
anc"^ others w^r^^ run and rpst'^-r'. i nt prm i 1 1 ^ nt ly at str^ss'^s 
abovp anr> in th^- fatigu*-^ limit ran^--^ as opscrib-^d in 
ta'bl'^ XI. Thp rang^ of stress in which "both failure anr' 
'^nc^uranc^- past on^ million cycles v/ithout failure wpr^ 
ottainpf' in continuous runs pyt'^ndpci from a maximum fibpr 
stress of ±60,000 to ±6-^,000 pounds p-^r squar'^ inch. It 
may hp notpri particularly that, at +64,000 pounce's p^r 
squarp inch, thp rang'^ of ^ndurancp and th^ avpragp pnr^ur — 
ancp w-'^r^- nparly alik^- for continuous runs and for thosp 
intprruptpH "by r^-^st periods. Of th'^ various sch'^dulps of 
rpst p'^riods tri^d, non'^ sppmpc' to possess any rr.arkpc' ad — 
vant agp . 

Within th^ rang*^ hptwppn ±60,000 and ±63,000 pounris 
ppr square inch, thp i n t ^r pr --^ t a t i on of thp rpsults is 
Ipss t^urp than "b-^forp, 5" or practical -ournosps, how^v^r , 
no gpnpral irnpr ov^i::'^nt was n o t ic '^al I'p and, ^vr^n if it 
pxist-^d, thp ah'iount was top small for practical signifi- 
cancp. It is obviously im-Dos s ib 1 ^ to say that in indi — 
vic'^ual casps no i mpr o vp mpnt was produced. Thp only pos — 
siblp way of mpasuring gpnpral i mpr ovp nipn t , howpvpr , 'is 
on a statistical basis a.nd, on this basis, it niust bp con— 
cludpd that no sirrnificrnt ii.^pr ov^ i/.pnt rpsultpci from r^st 
ppriods at room t puppratur p . Nor did r^^-sting at 60^ C and 
100° C in thp individual casps'us^^-d proc'u.cp i mpr o lu*^ nt of 
uspful magnitudp. 

EFFECTS OE FATIGUE-STRESSIFO AT -40° C 



Sppcim^ns of thp form shown in fi^"ur^ 19 w^r^ machinad 
from *^atch 8 an*-^ war^- giv^^n rpp^at^d strpss tr^atn^nst in 
a Baby Rpyfl'^x flpxural fatigup machinp. Tha sp<^cim<=n was 
(''^signed to avoid i nc^ t '^r mi na t str^^ss^s r^^sulting from clamp- 
ing and also to h a v p a s p c i rn ^ n s u i t a b 1 p for s ub s p qu ^ n t 
tr ans v^r s <=^— impa c t tpsting, A so^cial loading ar:n vrp.s also 
dpsign^ri anr' tun'^d to thp proD^-r fr^qupncy in th-'^ machinp, 
Thp moving asspmbly consisting of flpxibl^ support, clamp, 
armatur*^, sp'^^c i.npn , an.r» loading arm. is shown in figurp 20. 

. Th*^ ri i s t r ibu t i on of in.^rtia. loec^ ing , c or r p sponr' ing 
bpnr'ing mompnts, plastic dpflpctipn, and strpssps. w^rp 
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solvpd graphically using Stodcla^s ci'^thod (r^f ^^rpn.c^^ 27) 
of succ^ssivp appr oxiiYiat i ons . This solution is for fr^« 
vibrations and th*^ disturlDing influ^nc^s of t h^^^ aut ona t i c 
cut — off contact in^chanisni anH "bump^-rs w^r^ n-^-glPct '^d . 

• Thp foriii of th^ d ■'=f 1 c t i on curvp and th^ cor r •-'^ spond — 
ing tending niora'^nts for 60 cycles p^r s <^cond pm plott'^d 
for an arbitrary cas^ in figure 21. Th-^ distribution of 
thp alternating cornpon^^nt of th^ stress in th^^ rpi'^uc^*^ 
portion of thp t^st sp-^cimpn is includ^r' in figur^^ 19. 
For all stress amplitur'ps within th^ capacity of th^ ma- 
chin^, thp iD^ncling mom'^nts anrl th^ ^f 1^ c t i ons differ from 
th^ cas^ of figur^^ 21 only in th'^^ :.]att^r of scal^. Both 
scal-^s woulc" "bp alt^rpH ty thp sar:'^ factor. ¥ o correction 
was n^^c^ssary for c*. iffpr^nc^s in "^lastic mor^ulus at — 40^ C 
a.nr' at room t '^r.-pp r ^^tur a , sinc*^ th-^s^ chsriff^s wprp t)r«^vi— 
ously founc' "by B-ospnc^rg (r ^f <^r ^-^ nc 19) to ^ vpry slight. 
ITo changp in tuning of th« ass'^noly was n^^c-^ssary for 
0 p p r a. t i 0 n at —40^ C . A s t a y rn a x i -nu :n ^- n H i n f : s t r p s s of 
1200 pounr's ppr square inch is iriipos^r' ty th<=^ f crcps of 
gravity. 

In or.-^ar to op^rata th^ niachin-^ at a low tprnppraturp, 
thp control mpchanism was ^•'^tachar' and plac^^- outsir''^^ an 
psppcia.lly constructpc^ r -^f r ig-^r a t or in which th*^ r^st of 
thp machinp .was pl^c<=^d. Th^ upp^r c oinpar t laf^nt of th^ 
rpfrig^rator was of ampl<= sizp aind was kppt v/p11 fillpd 
with dry icp. This c orapar t i/iP nt could hp op'^n^^c for thp 
adrition of dry icp without- disturbing thp t p mpp r a t ur p of 
thp conpar ti':iPnt hplow containing thp f a t i gu^ — t p s t ing dp- 
vicp. Tha walls war^-^ insulatpd with a 5 — inch lining of 
rock wool and thp saaLis of th^^ stp-^l casing w^ra saal^d 
airtight to prpv^nt c ond'^ ns a t i on within th^ insulation. 
All condpnsation within thp cold "box took placa on or vpry 
near thp dry icp. No condpnsation forr.ad on thp fatigu<= 
rna.chirip pxc^pt when thp machines was rpinovpd froui th^ box, 
Thp conditions wprp such that thp t a.np '^r a t ur a v^ithin thp 
lowar chainbpr was maintained overnight bptwpen —40^ and 
— 45° C without any. servicing. 

. Thp fatigue limits at room t pi^ppr atur p and at —40° C 
^ppp detprmined for s p c i i:. « n s- cleaned by washing: in carbon 
t p t r achl or i d p , Chpck d p t pr ra i na t i ons of thp fatigu<= limit 
warp also ma d p on 1 a. n o 1 i n— coatpd sp<^cimens,but no signifi- 
cant diffpTe-nc^^ was datpctad, Thf scatter in the results 
was such that pffpcts of less than ±2000 pounds per square 
inch were obscured. The fati^rue strengths detprmined at 
room, temperature and in the interval from. —40° to —45° C 
are given in f igurp 22; the nominal valuas f onnf^ at thp 
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two t nip r f} t u r G rr ^- , r ^ s p c t i v -'^ 1 y , ±51,000 a n ±63,500 
DOiinr's p-^r squf^r^ inch sup^r i.^r.p.os r' on n steady bf^nding 
lop.(^. of 1200 pounr^s p-^r square inch^ Ppti.^U'- limits at 
room t •'^r/.p'^r atur ^ obtpin^r" for tr ansv^r s -^ly loader' rotRt — 
inf:-l: sp^cim^-^ns in thp R. B. Hoor^ uachin*^ w^m froru 
±59,000 to ±61,000 pounr's p^-r squnr^ inch, a vrlu'^ thpt 
inr^icatps a factor of a>out 1.1? for th^ corner r^ff^ct, 

T h i np r, c t r s u 1 1 s i 1 1 r ^ c o n s i ^. '-^ r ^ r' in two c 1 p s s ^ s : 

thosp for gp'^ci:apns without t^-ctablp fatigu^-^ cracks and 
thos<^ for sp^cii-n^ns with cracks eot^ctnr' hy th^ ai-n of thp 
w^t ma^nrflux trpatLipnt^ 



Stop c i:::'^ns without Frti^ru'^ Cracks 

Ir.:pact rpsults on unstrpsspd sp^cii:.pns w^rp takpn as 
th'-^ crltprions by v/hich da::ing<^ v/as pstimatpd. Th.<a 
tr^atiViPnts of th^ sd^- c in^ ns nd th- i:-:p^ct r-sults ar^ 
pr^spnt^d in tabl<^ XII. A distinction bptwp^n fibrous 
(toup-h) anr granular (brittle) frscturps is i.iaf'p in tablp 
XII, Photo;?:r aphs showing such c"^. is t inc t ions havp b^pn pub- 
lished by Sos^nb^r^r ■ ( r ^f ^r nc p 19), A study of thp. data 
sug^'^'Sts thp following thr-^^p .cas-^s in which slight damage 
possibly is i n i c a t p .-^ : 

1. Sp^cir.v-ns ov^ r s t r s s ^ c" for 30 p^rc^nt of thp 
^xp^ctpc lif^"^ pt roon'i t pmp-^ r a tur f:nr brok^^n in iiv.pact r-t 
-VS'^ C wprp slightly lowpr in av^rag'^ i'-ipact r^nnrf:y p.nc in 
avpraj2-p fibrous or t outrh portion of th-^ fracturp than thp 
unstrpsspd s p'^ c iiU'^- ns "^rok^n in impact pt —78^ C, 

2. Th^-^ sa:-:^ was tru'"- of sp'^cir-i^ns o vp r s t r p s s d for 30 
pprcpnt of " thp --xp^ctpr^ lif- at -40^ to -45^ 0 anr^ brokon 
at -78^ C. • 

3. Sp'^cir.^ns str-^ss^^ in pyc-^ss of 10 r.^i 11 i on • cy c 1 ^ s 
at th-'f^ntisu- linit at -40^ tp -45^ C and th-n brok-n 
unr^r impact at r o on t nmp'^r tur ^ show^c^ v^ry s 1 ic-^ht " 1 ow^^r- 
in^: of th^ av^ra.^^-- ir.;pact ^-^nprgy anr' a^^-^ra^rp fibrous por- 
tion of thp fr^cturr^s. 

In no cps*^ was . t h- ' e ^f ic i-'-ncy l.^rgo r^nou^rh to discount 
th^ poss i'^ility that it rni.-ht b ■:^u^ to chancp scattpr, 

In ^^nprpl, it may b^ concludpd from th---^ data of ta^.'l'^ 
XII that prolon^pd strpssing at th^ fati^up limit pith--r 
at room tpmp^r^tur^ or in th^ int'^rval from -40^ to -45^ C 
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i s ■ .'n 6 1 s r i ou s 1 y t r i .-.i n t ,o i t o ' '1 ...-p ^ c t r --^ s i s t n c p n-r" • t h p t 
ov^r s tr .'^ s s in--^, for .'^^0 to 75 p^rc^nt of th^^- .^xp^ct^'^ ^•nr'ur — 
PYiC'^ unr'^^r th^^ sa::'^' t --^ ;:-p --^-rfi t ur c o nr' i t i on s , without t-h'^ 
f oriiiat i on of ^ '-^ t ^ c t aM'^- cr a cks , is ■ 'not srriously tr in'-^n— 
tpl to i '.prct r s i G:' t p nc .. - 

S 0 ^ c i ^ n s i t h F r, t i ^tu ^ C r r; c k s 

T h o r '-^^ w s no ■ r' i s t i c t i o n ct^O 1? t o n n f ? t i 

crncks vt oc^ucr^ p..t --4C" C ?nr at roor. t -^i/ip^r ?. tur ^ . All 
sp'-^ c ir::^ns f?ti/^u^r' l-^y fl^-xur- sufficiently to fori.i cracks 
shower' fractures ontir^ly crystalline (irittl^) \vh-^n 
■hrok'-n und^-r transv^-rs- i./.pact nt -76^ 0, provic-oa on^ or 
-.-.or'^ cracks x-i^rn on th'^ tension siv'^ r'urin??' ii-ipact , Th^ 
r s i s t an c e to i:.-pr ct was v-^ry low a,t roo::i t i-.p^ r r tur pnr" 
at -78"^ C (talrl- ' XII ) . It .:.ay not^C fro:.; th- tat'l^ 
that thr^^'':^ sp^ci...-ns having fatietru'^ cr^^cks occupying: almost 
ha.lf tlip cross section of th--^ sp-ci.-'^n still mtain-^r' a"^ out 
half, the ori^:inal ihVpact r^sistrnc^ at -78^" C, whr-n th^ 
cracks w^re confiner" to th^ c oi:/pr o s s i on sir^^ during iiapact. 
This fact suK^-^sts that the :.irterirl har". not r! e gn-^r r; t p d in 
uncrackecl portions and thot the notch effect of th--^ crack 
was s...ari in c o i-.pr e s s i on • 

IV . COi:iCLUS lOIiIS 

As a possible ;.-irans of' ^et ^ctin^ anr*' e va.lu^ t in,p: 
f a t if^rue — r a iual::e in steol the impact resistanc--^ was r'.n.t.'-^r — 
min.er' ry s upp 1 e r n 1 3 r y tests ^if speci-.ens that ha ri >:enn 
f at i-'ue-s tr es serJ she.rt of failure, -The ir-t)? ct /oehavi or 
ef ner'.:aliz"'^r' "SA"^ X4 13 0 st^-^i vps'stu-M^r' follow-in.?" 
f at i£-ue— stress in*?: un^'^r a variety ef cenr'itions of stress 
aa-pli tur" e ^ laean stress, stress c enc -^-nt rat i on , stress -^is — 
tri>^u.tion, an^' t e •:p.-r a tur ^ s c^vrln-r. str-^ssin^-, . Ce-p^r at ive 
data warp seciire.r' for o v^ri^ty of i::.pact t e ? t- i n<R: t e :upf> r a — 
tures ran^'^inr- f r ein roon t e ::ipnr r tur e g to —78'^' The .f ol— 

1 e vr i h F r e s u 1 1 s e r o V t i n I " 

1. '"o loss in i..-Pact r'-^sistance result ^r? from reppater' 
stress in.^' ^el^^.w'the fatir:ue li...it. This foct ,wr-s estab- 
lished f er the n^tcherl Krouse specimens anr- for the un- 

n e t c h e ignore .p n Ho i rh specimens, 

2, Fnr th-^ notched speci-.e^s stressed a"- "^ve the 
fatifu^ limit, all lossas in i mpac t r e s i s t a nee W'^re acce.;i^ 
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pani.^r'. "by f-ptifU'^ cracks at th*^, roots of th*^ nntch^^s. 

Fptii^u.'^- (iai.ia^p in th^^ n'^ teller' s p-'^ c i rn-^ ns was d 
tpct'^r! equally ^arly by iiavect t'^sts rt room ti^.'Tip^ra — 
turo, at --Sa'^Vc, P.py .at -78" C. 

•- •4-, For t-h'^ n^tch-^r! s p^ c ir.pns ^ i t was sh'^wn (ap-o^nr'ix 
B) that, for p. rAv<^n p^^r c^nt ar<^ I'-^ss of .initial ".impact 
^ n ^ r g y ^ a mu ch r'^^'^pnr crack can '•: •'^ t o 1 •'^ r a. t --^ a, t r n i.i t rn— ^ 
ppratur*^ "than at -20^'^ C or at -78"^ C, cut th^- 1 o.w' t r^rnio^r- 
aturp effect wos not appr^'^ c iac ly srr^at^r for cracted than 
for uncrack^r sp'-^cim^ns until th^^- cracks ha.d h^comf^ vis — 
i"bl«=^'Wh^n vi^w^^rl at a mo f'nif icat i on -.of 8. 

5, Th'-^ fact that notch^r^. rotating/: cantil'^v^r fatic-u^ 
spncimpns har' r c i v^.f^ a ^^ivnn numt'^^r of cycles ^f a ^iv^n 
ovi^rstr-ss was ^f small impor tanc^^ compared v/ith th'^ ques- 
tion of wh'^th^^r fati<iru^ cracks had start'=^d, 

6, Tr^nsil^-^ impact t^sts of unnotchpd sp^cimf^ns 
strpssr^n as rotating l^p-aus and ax i ally l^ac'^^.r' -sppcim^ns 
str.^sspd in pqual tension and c ompr o s s i on gavp no indi- 
•cation of any loss in p 1 <-^n^:at i on or impact --^nprgy until 
surface fati.,:up cracks vr^r^ pmspnt. Th^s^ cracks w^tp 
not always f^-und in. advance of t.hp impact t^&t. Damagp 
was dptpcte(^ no so-oner "at -33'^'' "C than at •room t p-mppr atur p , 

7, -i^'or the specimens referred to in conclusion 6, 
th^re was no ciffer'^nce 'cptwpen thp impact pnergy at —33" G 
and- at reom. t piiiper a. tur a ruri'n,^:: .the prp— crack sta£C'='; how— 
pver , ttrp- p l^'^n^f-'a-t i ^n was slightly l<^ss 'at th^^ lov/er tPTi— 
per.a t ur e ^ 

8, Axi^ally loar'^-"^^^ sppcim.ens sur J c t o d to reppaf^*^. 
overstross sunerimposed on mean tensil--^' stresses varying: 
f T o-m-' 17-, 400 t 0. 77 , boo peunc's p-^r squar^^^ inch extenVer! 
•pras tlc--^ I'ly 'dur in^e: the fir-st. few thousand cyclps of stress, 

aftp-r which ne further, p.xt-pns r.e^n teok placp- r'urin^- thp -nrp- 
CTnc± stn-^f^ of fati.^nie. .'-.Sm-all lossps in p 1 onra t i'on an^ 
tpnsil^ im-Doct en'^-ri-y aocoxipan ied this initial extensi^on, 
"but thpsp lossps werp also rpstrict prl te the first fpw 
'thousanr' cycle's' of. stress." Hb further change in elon.gation -or 
impact ^npTgy^ to oik plac.p until the ar^vent of f atigup • 
cracks . ■ ' ■ 

9, Two .'different surf aco f inish.os , aloxite and 4/o, 
madp no e if f er enc^ . in t he f at igup -or impact rpsults o'c— 
tainp''^ on unnatch^.d Moorp -s pp c imp'ns . For Ha.i.^-^h sppcimens, 
however, for which mean tensile stressps during: fatigue 
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r an'£:<^ fr<^ri 17,400 tr 77,000 prun'^'s " T::)^r squar*^ inch, th^ 
'^nc'uranc'^ at a e-Tiv-'^n ov.'^rstrpss was s '^•nipwhat hirTh<'=r f .^r 
th^ sp^c i:.:^ns having 't/i*^ f in^^r 4/0 polish. 

10, I'^or^ anc' Hair^h •sp-'^ c iia^ns , for v^hlch th^- inpa.n - 
t^nsil^ stress '"^urine?: fati^TU.'^ was z-ro, c'^v^^loppr' fivR 
cracks f^t th^ n/-.st in any siiiiP:!^ sp^ciopn r-o ^rar c". 1p s s of 
th« finish us od. 

11, Ha.i{:h sp^cii.v'^ns ^-iv^n th^^ aloxit^ polish and th^n 
su'h jpct oc' ■ t o' ;..Pan t^nsilo str^es^s o'f 17,400, 31,000, and 
50,000 pounds' p'^r square inch during- faticm^ df^v^loppd. • 
nu.ri^rous (..:axir;iu::i -a'Cout 100) fati.:u.^ 'cracks if all-ow^d to 
run tn faiXur-'^ or n-^ar ffiilurp, Sppcii^x^ns givpn thp 4/ 0 
finish and str^ss^d undor- th^sp condit i ons- ' dp vp lop^d a 
x-iaxii-u:-:. of froi.. two to fivp 'cracks. 

12. Haif'h sp-'^ c ir.i'^ns su""^- j^^ ct pd to a inpan tpnsilp str<^-ss 
77,000 pounds p^r squar^^ inch dpvplop'^d lar^:^- nu..icprs 

of fati^^up cracks (rriaxiiuuu al^out 200) f p .r^ar d 1 p s s . of thp 
f i n i s h u s p d . 

13. It w.^s pvidpnt that with thp coarspr polish lar^^p 
nuLi>prs^f crocks fpriapc --^nly wh^r^* som^ plastic d pf 'or mat i on 
occ.urrpd' during fativ::up_. If thp i:iPan t^nsil^ stress was 
sufficiently hifrh (77,000 Ir/sq in.) this if f -^r pnc was 
oith^r, no.npxi s t ^,nt ^-r /.lask-^d \y tho pffpcts of plastic 

.d .<^f or mat i'on , . ■ . 

^'14., Axinlly loa'^^d fpti^^'up sp^ c iir.-^- ns that had- ^pv^I-^ 
op-^d' fati^u<^ cracks v^oro us^d- to study th^ relationship 
■'n^tv/eon crack '^ijapnsions and ton silo ip.T)act "'c p.ha.vi or . • "^^v^^n 
the. s-Viallest cracks r.^asur^d (0.05, cm maxiinun dcPpth) pr o— 
.duc^d losses in impact ener^:y and elon:"at i on . 

15. '. The a vprae-'p ' ir.-oac t- ^no r ^-i- i e s of cr-ack-'^d. siDecimpns 

• wore the sanie at rooni fenip^ r at'ur p and at —33" C f or cracks 
less than a certain cr i t ical s i z e . For cracks Lar^rer than 

.thp cr it ical . s i . thp avera.w^e i mpa c t '«ner gi e s were-i^ss at 
—33^ C than at room t eiup.-ra tui*e . 

16, Si^ecir^ens "f at irue— stres sed hy axia^l loadin.^ suf- 
ficiently to produce fati(-'ue craci'is wpre machinpd to remove 
the surface layrr containing the cracks. The tens ile. im- 
pact resistances of the remaining specin.ens were slightly 
less.t.han for c 'o.^ipar ah le specimens not f a t i icue-g t r e s s e d . 
This loss, was attributed mainly " or wholly • t o the plastic 
.extpnsion rpceivod^* during repeated stress.. 
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17. S-o^cim^ns f a t i cTU'^ — s t r ^ s s --^ Yjy fl^^xur^^ in t hp 

t '=^mp^ r t ur interval, — 40"' to —45^ C, showed no ^vic'^^^ncp 
of low^rpd im-cact r^sistanc^. at <^ith'^r roo^r^ or low t<=^ra— 
p^ratums, pr o v i (.-^ <^ d n o d'=^ t c t a.lr: 1 cracks w'^rp formed. • 

18. Thp ratio of th<^ fati^U'^ limits of sp'^cim^ns of 
normaliz'^^d SA'^j X413C stppl strpsspc" rpp^at^c* floxurp 
at —40'^ to —45"^ C and at room t pmppr atur s was 1,24. 
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APPENDIX A 



METHOD CF CBTAINIlTa COilllECTBI} AVERAGES- OF IMPACT RESISTAIICE 



In ord^-r to obtain corr^ctpd avprai:'=s of impact 
r'-sistanc^ of notched Krouso spocimPns aftpr runs of 
400,000 cycl'^s or laorp at ±40,000 I'b/sq in. (l:atch 4), thp 
av^rai.:^ values for thp sopcim^ns t'^stpd in impact w^rp 
multiplied th^ prot^ability of frosh sppciiapns surviv- 
inr: - that is, not fracturing compl^t^ly in thp fatigup 
machin--. Of tho 37 sp^cimpns uspd for attamptpd runs • of 
400,000 cycles or morp, thr^p sp'=^c ii.ipns failed short of 
400,000 cycles. Th^ chancp of survival was • t hpr pf or p 
34/37 or 0.92. Similarly, th- chanco of fr^sh sp^cimpns 
surviving 500,000 cycles was 0.84 anc^.for 6 00 , 000 • cy c 1 -s , 
th^ chance W3S 0.70. 



APPENDIX- B 



EXAMPTATIONS AND irPACT--TEST RESULTS 



Phot oj^^rar^hs of th^^ ro^^ts -f th- n^^tchas of somp inai- 
vidua 1^ Kr^us^ s nrrciri'^^ ns -of .latc.h 4 aftor strpssing at 
+ 40 000 l"^Vsq in, w^ra takpn aft^r thp rPT^^at^r^ s t r s s 
trpatmpnts ^ut' vrior .to impact .t^.sting'. Thpsp photographs 
w^rp tak^n^"by' dark-^f ipld- illumination and at 100 (^lam. 
Only lh«- TDhotographs ^f thp SO.OOO-cycla group an^ tho 
400 , 000-cycl<- .^croup-ar^ inciudf^^^ in this pap'^^r and.th<^y 
axDp^ar as^figurps 23 anc^ 24, r p s p^ c t i vp ly . Aajac^nt to 
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th^ surface phot-^graphs ar^ Dhcit o^r aphs shewing th« c^r— 
T'^siDonding impact fractures at 7^ rUain. Th^ whit'^ nun^r — 
als identify th^ s-npcim^ns. In pach casn th^ top sii^^ of 
th^ photograph of th^ fracture rpprps'^nts th"^ tension 
sidp of t h^ im-oact spec im-'^n • 

Thp 5C,000-C7clp Group 

llo cracks wpm f ounri on any of thp sppcim^ns of thp 
50,00 0— eye 1p group, Thprp sppiupd to "bp no c'iffpr^-ncp "bp — 
twppn th^- 50,000— cyclp group anri thp unstrpss^d sp^c iir.'^^ns 
as shown hy t hp _ ^ho t ogr aphs . 

Thp 100 ,000-Cyclp G-roup 

Thp notch surfacps of thp 100 , 000— eye 1p group appparpd 
gpnprally roughpr than thosp of th^ 50,000-eyelp group* 
Sppcimpns 24A , 6 9A , and 8 9A w.^r^- d is t ingui shp d "by coarsp 
surfacp flaws prolra'bly Ipft oy ineoinplptp polishing oppra— 
tions; howpv-^r , if thpsp sppciiipns arp omittpd from con— 
sidpration, thp rpnaining speciiupns givp avpragp impact — 
rpsistancp valups of 65, 91, and 84 pprcpnt of thp valups 
for unstrpsspd .sppci;.-pns at roorri t '^-i.'ippr at ur p at —20'^ C, 
and at -78^-" C, -r p s pp c t i vp ly . This rpsult strongly indi- 
cates that daraagp to impact rpsistancp was actually dup to 
rpppatpd stressing and not to pb or sppc impns . Th^ "bpgin— 
ning of cracks' was- strongly suggpst<^d crookpc^ rows of 
bright drots showing undpr dark field illumination in 
ST)pcimens 25, 30, anc^ 42, and it sppms significant' that 
thp impact resistances ^f thps^ sppcimpns wprp w^ll 'o^^low 
thp averagps for thpir resTJpctivp grouT;s. Crack walls 
coulr^ not tp riptpctpc' on th^^ fracturp arpa^s aftpr impact; 
thprpforp it is pvic^pnt that thp pxamination unrlpr dark 
fipld illumination of thp polishpd surfacPs wa.s a vpry 
spnsitive methor' for c'ptpcting thp *bpgin.ning of cra.cks, 

Thp 200,000-, 300,000-, 400 , 000- , 500 , 000- , 

and 600 ,000-Cyclp G-rouDS 

Thp 200,000-, 300', 000--, 400. ,000-, 500,000-, and 
6 00 , 000— eye 1p groups pach c^-ntainpd sppc impns of which th** 
rpSult s within" thp group ^oointp.c' . 1 0 on<*^ or thp othpr or 
toth of t hp. f oil owing s pr vat i on s. : 
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(a ) Shall ov; cra cks in s ^ c im rxs at —20^ C anri at 
—7 8^ C w<=rp at l^ast as injurious to impact r^sistanc^ 
as cracks s^v^ral ti-v.ps c'pp^pr in sppcin^ns at room tpni— 
ppraturp. Thp follov/in/?: ^xa-T.plp illustrating: this stat'^^ — 
rn^nt is fr^unr^ in th^ 200 , 000— eye 1 ^-roui): 



Spp c — 
Im'^n 


Etl circlin^T crack, 
•ay* c3«^:)th 

Cin::0 


Pprcpntajep .^f in pact 
pn^rrty* for unstr pss-pc'. 
s p ^ c i T: ^ n s r p t a i n p d. 


T o Lip ^ rat ur p 
of impact 
t P s t 


66 A 


O'.SO 


55 


Room 


17A 


• .05 


55 


' -20^ C 


43A 


. 05 


37 


-78^ C 



(!'• ) A fairly largp crack was morp sprious at low 
tpmppraturps than a c oinpar at 1^- crack a-t r.oom t pmppr atur p , 
th-p damagp Iping .calculatpd as pp.rcpnta.^p of thp avpra^e 
valup for unstrpsspd sppclmpns. Thp following pxainplp 
illustrating this statPiuPnt is found in thp 500 , 000-cyc 1p 
gr oup ; 



S pp c — 
impn 


E n c i r c 1 i n crack, 
av. dp'oth 
(•rn.a) 


F = rcf=ntagp of ii..pact 
pn'^rf-y for uns.t r p s s i= d 
spf'cinipns r^tainpcl 


Teappr aturp 

of impact 
t P s t 


61A 


0. 55 


■ 58 


R 0 0 in 


23A 


.50 


25 


-20*^ C 


4 7A 


.50 


7 


-78^ C 


.'^2 A 


.50 


■ 5 


-7 8^' C 
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TA5LE I.- FJlIFJPACTUHEP.'S ANALYSED 0? SiE Xkl^^O STEZLS UGSD 



[Hot-rolled b^irs, l/2 in. square] 



Haiiufacturer ^ s 
miia"ber 


G-rain 
si:ne 


■ — — — - — . _ — . 

GoLrposition 
(percent) 


C pro on 


Manganese 


PLospliorus 


S-alpliur ! 
i_ 


Silicon 


■ Chrornituri 


lIol7"bdenum 


21J021 




0.29 




O.Olg 


0.01s 1 


0.19 


1 0.S9 


1 

0.16 1 


2IJO23 


5-7 


.30 




.cay 


.017 1 


.26 


1 -95 


.23 ! 




^^-7 


.31 

. 


.57 

1 1 


.015 


.u20 j 


.020 


■ 1,01 ; 


•=5 i 



TABLE II.- TSi;iSIL5 PSOESTIZS AlTD HJSDITIISS IIUI-SEHS OP ITII::!; ITOPIIALIZSD BATCH3S OP SAE XUlJC STI3L 

[Tensile specimens O.25O in. in diajneter except as noted!] 



! 

Batch 


ilanufacturer' s 
num'ber 


Yield strength 

at 0.02 ■oerceut 
- 

offset 

(lb/ So in.) 


Ultiracte 
tensile 
strength 
dVsq in.) 


■lime 

hrealcing 
• stres&i. 
(llD/sq in.) 


Slongation 
in 2 inches 
(percent) 


•Heduction 
, of area 

(percent) 


Tickers 
numlier, 
45 kg load 

i 




21J021 


70,000 


iiU,500 


131,000 


11.7 


50.0 


222 


2 


21J021 


60,600 


113,500 


191,^00 


16.3 


U9.U 


233 




21J021 


71,000 


113,200 


180,000 


17-5 


!+5.7 


23U 


ii 


21J021 


66,500 


IIS'.SOO 


185,000 


15. 8 


'48.0 


2^42 


5 


21o"023 


S'4,300 


130,600 


222,000 


15.8 


5!+.6 


287^ 


6 


2IJO23 


89,000 


130,^00 


221,000 


16.3 


5^.7 


i 

223 


7 


2IJO23 


86,000 


131,000 


221,000 


15.5 


5^.2 


279 


8 


14-E59S 


80,000 


128,100 


211, UOO 


13. 8 


52.0 


25k 


! ^ ' 


^4H59S 


65,800 


116,000 


190,800 


16. 8 


'49. 0 


23s 



Load at fracture divided by minimiiin cross section measured after fracture. 
'Test specimens 0.200 in. in diameter.. 
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TA3LE III.- TRAITS^/ERSE IMPACT EESISTAIICE OF ITOK'lALIZED SAS XU13O STEEL 
AJTER EEPEATED STESSS 3EL0;: OPi I:T THE EATIG-IXE-LIIilT HAIJGE 



[ Krouse machine; notched rotating cant ilever-l3 cam fatif^^e specimens] 







i 
1 


I'otch 


Fatigue 


Extremc- 




Transverse 


Specimen 

1 


St eel 1 
batch 


Dcpthj 
(in.)j 


Root 
radius 
(in.) 

1 


limit 

(ro/ 

SG in.) 


f iher 
stress 

dV , 

SG in.; 


Cycles of 
stress 


impact 
resistance 
(ft/lb) 


Impact tests at roon tenperature 


m 1 










33,000 


0 


0 


9.6 


m S 










33.000 


0 


0 


9.5 


1 

0 3 




> 1 


0.035 


0.020 < 


) 33,000 


+23,000 


ii.oxio" 


9.8 


KN h 










33.000 


±28,000 


10.8 


11. U 


m 6 










33.000 


±28,000 


23.6 


9.2 


Impact tests at -7S° C 


SET 23 










26,500 

1 


0 


0 


2.5 


SM 31 










26,500 


0 


0 


1.6 


SKII 18 




>i 


O.OUO 


0.010 • 


< 26,500 


±25,000 


Ui.lxiO ® 


1.7 


SKN 2U 










26,500 


±26,000 


23.7 


2.6 


SIQI 27 


r 








26,f^00 


±26,600 


54.if 


l.k 


SKII 102 


-> 








' 35,000 


0 


0 


1.2 


S'£S 103 


1 


S 2 


.Oho 


.010 


< 35,000 


0 


0 


1.1 


i 

SKxT 75 








f 


35,000 


±33,500 


10.5 


1.1 


SKI 63 










36,000 


0 


0 


1.6 

1 


SKIT !49 




>2 


.OUO 


.020 


<j 36,000 


±33,700 


ko.o 


1.1 


SKIT 52 








! 


36,000 


±36,000 


23. 8 

1 


2.2 
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TAILS IV.- miSILE IMPACT BSSISTAI"C3 0? ITOTuiAlISSD SAE ihl^O (S^CK 7) 

AS ROTATIHG 3I1AK i^riTHIl: TZL^ 5\ATIGIJI]--LIi:iT EAi^GS 

[Pu. H. I.'ocre faticTiie testing machine; unnotched specimens; 
latifv.e limit, 60, 000 Ib/sq in.] 









ionsile iiapact test 


Specimen 


Stress 
(lb/ sq in. ) 


Cycles 


Snergj^ 
(ft-lo) 


Elongation in 2 inches 
(in.) 




Impact tests at roo 


m 


tesporature 


III 2 


±62,000 


20,660 X 10^^ 




53.5 


0.155 


1 lii 1 

i 


±61,000 


20, 6^0 




50. g 


.155 


HI 10 


±61,000 


23,156 




56.2 


.157 


MI 1^ 


• 

± 60,000 


22,667 






.155 


MI IG 


±59.000 


20,236 




53.5 


. .155 


in 20 


0 

.—J 


0 




51.7 


.155 






Inpact tests at 


-33° C 




!-I 5 


±62,000 


20,606 X lO"* 






0.150 


KI 9 


±61,000 


23,160 




51. 7 


.1I+5 


iil 12 


±61,000 


23,35s 




51.7- 


.1U7 


HI 16 


±60,000 


20,55s 




56.2 


. .1U5 


HI 19 


±59,000 


20,11-^3 




52.6 


.1U5 


HI 6g 


0 


0 




53.5 


.1U5 

1 — _ — — 



TABLE T.- TKTSILE IMPACT RESTSTAITCE 01 FATIGUE SPECIlffiSFS OE SAE Xkl^O STEEL 
AETEH EEPEATED AXIAL STEESS BELO¥ THE EATIGUE LIMIT 
[ ?Iaigli machine.; impact tests at room temperatures ] 



o 



Spec- 
imen 



HI 7 

HI S 

HI IS 

EI 20 

HI 1 

HI 2 

!HI 3 

HI h 

HI 5 

HI 6 



Steel 
tatch. 



> 



I 



iKSF 11 ! 



•HSr 12 



|HSJ 15 

Ihsf is 



iJ 



^iinim-am j 

diameter Siirf ace 

of finish 
sioecimen 



1 



Mean 1 Total 
tensile j stress 
stress I amplitude 
(l"b/sq in.)' (lo/sq. in.) 



Cycles oi 
stress 



Eati^^ae-1 imit 
amplitude 
(ib/sq in.) 



Impact 
energy 
(ft-^llD) 



j>Aloxite 



iJ 



J 



i I 



J 



r 



.170 



Aloxite 



r 



0 



0 i 



0 



(-) 
(1) 
(1) 



( 



1) 



(0 ! 

(0 I 

1 

17,1100 1 

(1) I 
17,1+oc j 

17.^0 ! 



93.000 
93,000 

Sl.SOO 
SI, 800 



(1) 



\ 1 } 



(1) 
(1) 
(1) 
(1) 
88,300 

(1) 
87,700 
87,700 



jlO.USSx 

j 

I 9,99b 
1 

1 17,52s 

'1 

' li+.OO^- 

(1) 
(1) 
(1) 
(1) 
(l) 
(1) 

1 20,551 

i (O 

I 

j 3^-^,128 
I 2^,115 



10^-^ 



96,000 >5'.L. >93, 000 ! 
96,000 >?.L. >93,000 j 
96,000 >93,ooo I 

96,000 >I'.L. >93,000 I 
96,000 >?.L. >93,000 ' 
96,000 >?.L. > 93, 000 
96,000 >93,000 
96,00c >?.L. > 9 3, 000 
96,000 >P.L. >53,000 
96,000 >?.L. >93,000 

88,800 

88,800 

87,700 

87,700 



51.7 
5U.U 

51.7 



50. 8 



50.0 
50.0 
5^.1^ 

52.5 
3^.3 

3i+.S 

35-1 
33.7 



o 

>- 

1-3 

CD 
O 

0 



o 



c 



00 
CO 



■^ITot stressed. 



TABLI VI. » ATXRAGE TRANSVERSE IMPACT RESISTANCE OP NORliALIZED 8AE X4130 STEEL (BATCH 4) AFTER VARIOUS STAGES OF REPEATED STRESS 

[Krouee machine notched^rota^ fatigue epecimens, notch, depth = 0.040 in., root radius, 0.010 in., nominal 

fatigue limit, 26,000 Ib/sq in., nominal maximum fiber atreas, 40,000 Ib/aq in.! ^^^aij^ua^ 







Average impact resistance 


Temper- 
ature 
of 

impact 
test 


Not si 


ressed 


M 

50 
eye 


'ter 

000 
:lee 


Af 

100 
cy 


ter 

,000 

lies 


After 
200,000 
cycles 


After 
300,000 
cycles 


After 
400,000 
cycles 


After 
500,000 
cycles 


After 

600,000 
ovcles 


(ft-lb) 


(percent) 


(ft-lb) 


(percent ) 


(ft-lb) 


(percent) 


(ft-lb) 


(percent) 


(ft-lb) 


(percent ) 


(ft-lb) 


(percent) 


(ft-lb) 


(percent) 


(ft-lb) 


(percent) 


Room 


2.42 


100 


2.37 


98 


1.91 


79 


1.82 


75 


1.44 


60 


1.21 


50 


1.23 


51 


0.84 


35 


-20^ C 


1.70 


100 


1.94 


114 


1.50 


88 


1.18 


69 


1.11 


65 


.37 


28 


.35 


20 


.11 


6 


-78^ C 


.99 


100 


.73 


74 


.79 


80 


.64 


65 


.27 


27 


.32 


32 


.11 


11 


.23 


23 



^Value for specimens that had not been fatigue-stressed used as base. 
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'TA3LE VII. ^ TEAxTSVERSB IMPACT EESISTAITCE 0? ilOHILALIZIID SAS XUl-^O STEEL 
(EATCH l) AFTER HIMATED STRESS 26 PERCEiTT ABOVE THE FATIGUE LIl-JT 



"I^Krouse machine; notched rotating-cantilever-"bearri specimens; notch, 
depth = O.OkO in., root radius = O.OlO in.; fc-.tig-ae liniit, 26,bOO 
lo/sq in#; nominal maxiiniiin fiber stress, 33 > 5^0 It/sq in.] 



Specixiien 


Cycles of stress 


Impact resistance 


(ft/lb) 




Ir.pact test at room terr.pere 


-ture 


SK3J 22 


0 


6.1+ 


SKE 32 


0 


5.1 


SKII 5 


100,000 


5.5 


SiQI 10 


100,000 


3.^ 


SKIT 11 


100,000 


5.^ 


SKE 6 


200,000 


5.6 


SXS 12 


259,000 


5.0 


SXl^ 3 


3^+6,000 


3.1 


SKM g 


1+05,000 


H-.7 


SiQT U 


620,000 


2.2 


Impact test at -7o° C 


SK3J 29 


0 


2.5 


SKII 31 


0 


1.6 


SKN 30 


200,000 


l.U 


SIQI 28 


377.000 


.3 


SKIT 20 


500,000 


.2 


SKIT 1 


ii+gU.ooo p 


0 


SiQI 9 


506,000 F 


0 


SXil 2 


516,000 y 











^The letter F indicates complGte frp.cture in fr^iti^e machine. 
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(TABLE VI 11.^ TIlAIfS^^IlS:^ IIIPACT SESISTAl-QS 0? NO^IIALIZIID SAE tA-l^O S^DZEL 
(3A-2CH 2) AJjER HZPIIATSI) ■ STIGSS --^3- FSFwOSIPl? • ABOVS- TEC PATIGUL- lEIIT 

.[Kroiise niachine; notched rotating-cantilever-'oearn specimens; notch, 
depth. = G.OUO in., root radius, O.QIO in,; fatigue liiiiit, 2e,000 
lo/sc^ in.; nominal niaxiinuni fiher stress, 40,000 lb/ sq^ in.] 



1 

i S-:)ecineii 
1 

! 


C-;^cles 01 stress 


I Lip .act resistance 
(it-lo) 


i 
1 


Iiiipact .test at roon te.Txperature 



SKiT 95 
SM lOk 



SIQJ. 

SiQT 

SIQT 

SIQT 

SIQT 

SKIT 



S7 
S9 

91 

S6 
ss 

QO 



SIC' 

Siul 
SIS 

sm 
siai 

SKIT 
SI2T 
SiCtT. 

ss:. 

SIQT. 
SIQT 



100 
102 

103 

93 
9S 
101 

92 

96 

97 

.99. 

..09 • 
70 

6r> 



SIQT 71 
SiQT ■ 72 ■ 

siQ- 67 



0 


5.3 


0 


■ 3.^ 


.100,000 


U.i 


100,000 


5.3 

^.3 


100,000 


200,000 


3.3 


200,000 


2.2 


200,000 


1.7 



U'li'oac 0 



test at -73° C 



0 
0 
0 

100,000 
100,000 
100 ,000 
200,000 
200,000 
200,000 
200,000 
.500,000 
500,000 
500,000 

1333,000 1 
•l4-56,000 F 
fabti.OOO F 



0. 9 
1.2 
1.1 
1.0 

. O 

1.2 
1.3 

1. ^ 
• 2 

1^3 
.1 
.1 
.1 

0 
c 
0 



Tlie lettex\,,r ..indic.i.tes coi-rolete fractMi'e. 
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TABLE IX.~ EESULTS OF TENSILE D^IPACT TESTS OF ilOEI-LALIZED SAE XU13O STEEL (BATCH 9) 
AFTER FATIGUE-STRESSING IN EQJJAL TENSION MTD COMPRESSION 
[Haigh ru-achine; miniiTHur. diameter of specimens, O.ISO in.; aloxite finish] 



Spec- 
imen 


Stress 
amplitude 
(ib/sQ in. ) 


Cycles 


Yi sual 
examination 

■before 
impact test-"- 


1 Zlon- 
- Impact lp*^<?i} 
energy' ! 'r^?^ J 


Eamage detection after 
impact test 


Sur- 

face 
cracks 


Impact 
ener.ey 
loss 



Elon^:ation 
loss 


HI Ic 
HI 5 c 
HI 10c 

HI 13c 

EI 16c 
HI 12c 
,KI 26c 


±57,200 
±52,000 
±50,000 
/ ±U9,500 
I ±49,000 
±1+9,000 

±^9 , 000 
±Us,750 


U.SxlO^ 
91.2 
52.2 

7.2 

Uo.s 

I2U.S 
129.6 
96.0 


Buckl ed 
F, h.c. 
F, h.c. 

j>5', h.c. 

I 

Buckled 


















i 















1 


1 






1 


( 






1 — 

1 — 


1 





111 H-C 


±52,1+00 


lOO.SxlO^ 


■ — — 

h. c. 


i+i+.o 


0.130 


Yes 


iMO 


llo 


ilX ( c 


±51,000 


72.0 


h. c. 


1+5.3 


.137 


— do~ 


—do- 


Do. 


1x1 ^ c 


±51,000 


60.0 


h.c, c . 


21.1+ 


.55 


— do— 


les 


Yes 


ITT 07^ 


±4s,750 


72.0 


OK 


1+1+.0| 


.130 
.11+5 


— do— 


Ko 


ITo 


ii JL dO U 


±1+8,750 


36.0 


OK 


iJ-6 . 5 1 


— -do— 


— do— 


Do. 


HI j)C 


r ±50,500 

1 ±5i,S50 


100.1+ 

129.6 


h.c. 


1+1.9 


.120 


IIo 


—do— 


Do. 


HI 6 c 


±51,000 


12.0 


h.c. , huckl ed 


1+5.7 


.ll+O 


— do — 


— do— 


Do. 


HI Sc 


±51,000 


12.0 


h . c . 




.ll+O 


—do— 


— do— 


Do. 


HI 15c 


±50,000 


21+.0 


OZ 


1+1.5 


.130 


— do— 


— do— 


Do. j 


HI 20c 


±1+9,000 


72.0 


OK 


42.3 


.130 


— do— 


— do— 


Do. 


HI 21c 


±1+9,000 


72.0 


OK 


U3.6 


.130 


—do— 


ilo 


Do. 


HI 17c 


±1+9,000 


21+.0 


h.c. 


1+U.S 


.11+2 


d0-~ 


— do— 


Do. 


HI 19c 


±1+9,000 


21-1-.0 


OK 


U3.6 


.135 


— do— 


— do— 


Do. 


HI 23c 


±i+S,750 


72.0 
36.0 


OK 


1+2.3 


.130 


—do— 


—do— 


Do , 


HI 3lic 


±i+S,750 


OK 


Ul.l 


.ii5 


— do— 


— do — 




HI 36c 






(2) 


1+0.7 


.125 








1 . .. 








Im-oact tests at room toirrocraturc 


HI 2c 


T±l+S,275 
1 ±50,000 


ll+l+.OxlO^ 
12.0 


h. c. , c. 


35.7 


0.110 


• Yds 


7 


Yes 


HI 25 c 


±1+S,500 


1+SO.O 


OK 


1+1.5 


.ll+O 


-do- 


Ho 


liO 


HI lie 


±1+9,000 


27I+I+.O 


CK 


37.5 


.130 


i«o 


— do— 


Do. 


HI Zkc 


±lJ-9,000 

±1+9,000 


72.0 


OK 


1+1.5 


■ .135 


—do— 


— do— 


Do. 


HI 22c 


72.0 


OK 


3S.6 


1 .130 


— do — 


— do— 


Do. 


HI Igc 


±1+9,000 


2l-i-.0 


h.c. 


Ul+.O 


,160 


— do— 


— do— 


Do. 


HI 23c 


±1+9,000 


2I+.O 


h. c. 


1+6.6 


.152 


— do— 


— do— 


Do. 


HI 31c 


±i+S,750 


205.6 


OK 


3C).l 


.135 




—do— 


Do. 


HI 29c 


±i+B,750 


72.0 


OK 


39.9 


.11+5 


— do— 


— do — 


Do. 


HI 30c 


±i+s,750 


56.0 


OK 


38.6 


.ll+O 


—do— 


— do— 


Do. 


HI 32c 


±1+8,750 


i+.s 


Buckled 


1+1.5 


.165 


—do— 


— do— 


Do. 


HI 35c 


(2) 


(3) 




38. 3 


.135 

















^Thc letter F indicates complete failure in fatigue machine; h.c-, ao t 
colored; c, fatig'ue crack or cracks; OK, no significant change in appoaraL.ce. 
siTot stressed. 
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TKBLT. X.- Ii:?AC? KSSISTAITCIi AT SOG!; TIi^3ILiTU33 OF PATIG-UE SPECK-ENS OF 
ITOPuiALIZSD SAE XU13O ST3SL S:DS3SSED UIID3H AXIAL LOADIICG 



[0,200 in. in diam. ; the siirface layer containing fatigvie cracks was 
machined ofx hcforo inpact test] 



Specimen 




Ob so'f^ved 

surf nee 

condition 

after 

repeated 

stress 


S"oeciiiien 
diameter 
o-fter na.- 
chininf.; 

(in.) 


Impact 
energy 

(ft/lb) 


Guri oce 
condition 
after im- 
pact test 


amplitude 
(lb/so in.) 


i i Cvli 0 \j ± 0 0 0 

tension 
(ib/sq in.) 


iisr 12 




(1) 


, 

(1) 


(1) 


C.I70 






'HI 

• 

! 


1-17 7r-;n 


J) J, , H-_^ ) U 


Surface cracks 


• 170 


32.0 


ITo cracks 


! 




71 7riri 




.170 


2S.S 


Cracked 


■HSI' 16 

i 






(0 


.I'^O 


26*1 


11 0 cracks 


i 




( 1 ) 




.I'lO 


26.9 


Do. 


'hi 63 




31/450 


do 


.150 


25.0 


No cracks 


jill 13fi- 


^7,500 


S7,ooo 


No crac>:s » 


.150 


20.7 


Do. 








necked 














slightly 








Kl 12a 




9^4,800 


I'o cracks , 


.150 


2li.2 


i 

Do. 








necked 














sli^;htly 






! 


EI 5Ua 


f>C,000 


77,000 


Su r f ac e c r a ck s 


.150 


2^-:-.2 


Cracked 


Kl 21a 


50,000 


77,000 


llo cracl:s scon 


.loO 


22. S 


Do. 


HI 22a 


50,000 


77,000 


do 


.150 


22. S 


Do. 


HI 2Ua 


50,000 


77,000 


cio^ 


.150 


21. H 


Do. 



iTot stressed. 
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"^I^LE XI.- TH3 SFPBCT 05^ IlITEHl-IITTEUu] PERIODS 01:1 TiiHl ROTATIlia. BEAII 

SiTiDlIRAilCS OF irOBl.Ii^lIZSD SAE XUl>0 STLSL (Bi.TCH 5) 
[All spocirricns fractured completely in the fati-qrae Eiacliine at the end 
of the runs noted, except specimens marked u vdiich were removed 
uncrackcd; lati^iie limit = 60,000 l"b/sq in.] 



Continuous mns i 






Intern 


ittciit runs 


Soecimenl 


Total !• '. 


Spec- j 


Total] 


Total 


Daily nuiiiher of cycles 


u_ i 


cycles ! 


iaon ! 


r\i.nGl 


cycles 


(thousands) 






trone f 


ioor stress, ±6'^, 000 lo/sc in. 




1,013x10^1 


s 15! 5 i 


720x10-1 


2h once; then 300 daily 






i'bor stress, +6U, 


000 I'b/sq in. 




l.OgOxlO^ 


n 12 i 


9 1 


2,167x10^'^^ 


Incroasin,.^: iroLi II7 to 3OO 




SOS 




1 






1 R '^3 ! 1.315 


2 1^1 


22 ' 


1,05s 


29 first run; then 20 runs of 


1 1 




( 






0.3 each with 5 sec. rest 


, 1 
1 




1 

1 






periods; then 969 l^^^t run 


\ \ 1 

H UU 1 


2,176 


1 






Varying I3& to 3U0 




l,3U5xlO'^ 


?. iii-i 


• 7 


1,251 






s 171 


12 


1,3S7 


Increasinj-^ fron 10 to 200 






?- IS! 


g 


1,092 


1^0 






1^ 19; 


13 


1,7^2 








R U5 


26 




5^ 








29 


1,607 


5^ 






EU7i 


■19 


1,190 • 


65 






H Ils 1 


9 




65 for 8 times; then 1U63 






Ave rare 


1,552X10 ^ 


■ 






trcrae fiocr 


stress, ±63,500 iD/sq in. 


! P. 22 


.1,632x10 ^ 


1?. 21 1 


lU 


■^,2^3x10 - 


Incrcasin^^ from I30 to' 3OO 






s 23 


10 


2,003 


Increasing from I3O to 3OO 






Avcrag 


0 2,623 






3>:trcr-c f 


"i^ocr 


stress, ±53, 


000 Ih/sq in. 


a 36 


19,1^0 u. 


R 1 


ll; 


25,027 u 


Increasing from 23^ to l6,053 




22,706 01 


a 20 


15 


2-^,20U u 


Increasing from 200 to 22,500 


H 25 


1,7^-0 


R 9 


5 


3,05^1 


One ruji of 10^4-0; then 5^10 daily 




2,700 


a 10 


3 


1,553 


700 


Average 












for 












fractured 










Increasing: from 13^*^ to 3OO 


specimens 


2,200 


2a 20 


10 


i,S57 








21 


•^,^455 


Incroasinf: from I32 to 263 






) a '45 ! 20 


1,331 


66 






i a 50 


■ .2K 


1,350 


•• 5H 






i a ::a 


IS 


. S09 . 


1 






Average for 










fractured 










specimens 


2,120 ^ 





^nested at 60^ C for the remainder of eaxh 2U-hr period. 
^Rested at 100^ C for the remainder of each 2U-hr period* 
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TABI#B XII.- EFFECT OF LOW TEMPERATURE DURING FATIGUE-STRESSING BY F'LEXURE ON THE IMPACT BEHAVIOR 

OF SPECIMENS OF NORMALIZED S.A.E. Xi4.150 STEEL (BATCH 8) 

[Rayflex machine; fatigue limits 51,000 Ib/sq In. at room temperature 
and 63,500 Ib/sq in. at -i;0O C as shown in fig. 22] 



Number 






Fatigue- 


stressing 








Ten- 
sion 
side 
of 

speci- 
men 

crack 
area 
(per- 
cent ) 


Com- 
pres- 
sion 
side 
of 

speci- 
men 

crack 
area 
(per- 
cent ) 






of 
speci- 
mens 
aver- 
aged 


Tem- 
pera- 
ture 
during 
fatigue 
(°C) 


Average 
cycles 
run, a 


Average 
crack- 
free 
endur- 
ance 
cycles, b 


Average 
cycle 
ratio, a/b 
completed 
( percent ) 


Extreme- 
fiber 
stress 
(Ib/sq 
in.) 


Tem- 
pera- 
ture 

Impact 
(^C) 


Average 

Impact 
energ',' 
(ft- lb) 


Fi- 
brous 
area 
(per- 
cent) 


Granu- 
lar 
area 
(per- 
cent ) 


Specimens showing no OBcks after repeated stress under magnaflux inspection^ 1 


h 




10,000x10^ 






6U,ooo 




Ul.2 


1 ° 


0 


1 


70 


6 

2 




355 • 

600 


iiooxio5 
1100 


30 
55 


68,300 
68,300 


1 -78 


56.5 
i+1.9 


0 

0 


0 
0 


1 50 

1 1;0 


70 

60 


k 




10,000 






614-, 000 


Room 


IA.7 






70 


50 








0 


0 


2 




10,000 

50 






52,000 
68,300 




3U.5 
39.6 






35 
25 


65 
75 


8 


^Room 


169 


30 


1 -78 


0 
0 


0 
0 


2 




10,000 






52,000 


Boon 


38.9 


0 


0 


85 


15 












1 (2) 


(2) 


(2) 


(2) 


(2) 


(2) 


1;1.9 
1;6,0 


0 
0 


0 
0 


55 
85 


65 
15 


Specimens showing cracks 


after repeated stress under magnaflux inspection3 




6 
8 
1 






- 




61;, 000 to 
72,800 
61;, 000 to 
79,600 
72,800 


j. -78 

1 


0.6 
.3 

i;.0 


U5 
I49 
55 


2 
10 


0 
0 
20 


\ 

55 

k9 
55 


2 








72,800 


l^Room 


2.9 


52 


0 


50 


58 


1 










72,800 




.8 


80 


0 


15 


5 


2 










72,800 




16.8 


0 


1^5 


15 


1+0 


1 










58,000 




18.5 


0 


ho 


20 


ho 


5 

k 
k 


/Room 








65,700 to 
72,600 

65, 700 to 

72,800 

55,750 tD 

61;, 900 


> 'IB 


1.6 
1.1 
.9 


5 
15 
35 


5 

11 

0 


0 
0 
0 


92 

75 
67 


9 
k 
5 








52, 500 to 
72,800 J 

65,700tD ^ 
72,Soo 

65,700 


^Room 


154 
8.7 


35 
10 

15 


1 

2 
0 


0 
80 
70 


64 
8 

15 












65, 700 to 

72,Soo , 




I+.9 


50 


5 


50 


55 



1 

Groups of apecijnena averaged were divided according to percentage of granular and fibrous areas 
of the fractures after separations according to temperatures. 



Not stressed. 



'Oroups of specimens averaged were divided according to impact energy after separations according 
ta temperatures and location of cracks. 
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Fig. 1 




25 -20 - -78 

Temperature of impact test, 



Figure 1.- Effect of temperat-'ore on the average transverse impact re- 
sistance of notched specimens of normalized S.A.E. X4130 
steel ("batch 4) after repeated stressing as rotating cantilever "beams 
in the Krouse machine, riominal stress arrrplitude, t_40,000 pounds per 
square inch; nominal fatigue limit, 26,600 pounds per square inch. 
Each point on the 25^0 line represents two to four specimens; all 
other points eacn represent four specimens • 
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Pig. 2 



j Aloxite polish 

G Impact tests at -33^C 
4- Impact tests at room 

tem^porature \ 
X Fractured in fati^e 

machine 



o 

r 
O 



I 4/0 polish 

A Impact tests at -33°C f~" 
Vljnapact tests at room 

temperature 
X Fractured in fati^o 

machine 



I- 



A 



20 40 60 80 lOOxlO^ 20 
Cycles of stress 



__j I ^ 

40 60 80 100x10^ 



Figure 2.- Impact energy alDsorloed in tensile impact tests of specimens of 

normalized S.A.S. X4130 steel ("batch 7) fatigue-stressed at 
^80,000 pounds per square incii as rotating ocams in R.R. Moore machine. 
Fatigue limit, 62,000 pounds per square inch. Each point represents one 
specimen. 
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Jig* 3 



^iloxite polish 

o Ir.ipact tests at -33^0 
+ I;upact tests at roon 

tei-iperaturo 
X S'ractured in fatigue machine 

0.180 1 1 \ 



4/0 polish 

A Ir.ipact tests at -33^0 
V Ir^pact tests at room 

tei-iperature 
X fractured in fatigue nachine 



.160 



.140 



0.120 

CO 

.100 



o 

+-.080 



060 



Pi 
o 



-p 

o .040 



.020 



■ -H 
+ 



4- 



8 



-A- 



20 40 60 SO 100x10^ 20 

Cycles of stress 



40 



60 



80 



100x10^ 



Figure 3.-- Elongation in 2-inch gage length in tensile impact tests 

of specii-ions of normalized S.A.S. X4130 steel (batch 7) 
fatigue- stressed at -80,000 pounds per square inch as rotating "beams 
in R.R. Moore machine. Fatigue lii.dt, 59,0i";'0 to 62,000 pounds per 
square inch. 2ach point represents one specimen. 
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Pigs. 4,17 



.240r 



o 



•H 

O 

a • 

o 

rH 



160 



.120 



080 



1 




c Impact er 
4 Eloriccatic 


lergy 


pa; 






) 










■ "O 








— 

- 


4- 





0 .020 .040 .OnO .080 .100 
Permanent set in Haigh machine, in. 



60 



50 ^ 



40 

CD 
(D 
-P 



20 



Figure 4.- Effects of varying amounts of permanent set during repeated 

stress under axial loading in the Haigh machine on the 
tensile impact properties of specimens of normalized S.A.E. X4130 steel 
(hatch 9) at -33^0- 



.150 




0 .50 1.00 1.50 2. 2.50 3*00 3.50 4. 

Average value of product crack depth 
hy length, sq miillimeters 



Eigure 17.- Variation of average elongation during im.pacts with appr.o:^;- 
imate crack area in fatigued spec5.mens of normalized S*A.#E/ 
X4130 steel "broken under tensile- impact at --33^^ 
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Fig. 5 



O Spocinens v/ith Aloxite polish 
4- Spocinens with 4/o polish 

Average of seven specimens 



60 



50 



4^ 

ch40 



(D 

§30 

o 
a 

•^20 



10 



































o 


















o 




























o 
o 
















.... 





40 60 80 

Cycles of stress 



100 



120 140x10^ 



Figure 5.- Inpact energy absorbed at roon tenoeraturo in tensile 

impact tests of spocinens of normalized S.A.E. X4130 
steel (batch 1) f ati^nie-stressed by axial loading in the Haigh 
machine from 28,800 pounds per square inch co: iprcssion to 63,000 
pounds per square inch tension for various numbers of cycles. 
Minimum diameter, 0.200 inch* 
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Figure 6.- Elon^i^ation in 2-inch .^age length during tensile iir.pact tests at room temperature of 

specimens of normalized S-A,E. X4130 steel (batch 9) after lati^rue stressing under 
axial loading in the Haigh machine in tension ranging from 10,500 to ^'9,500 po-ands per square 
inch (mean stress, 50,000 lb/ sq in.)« 
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i'i^re Elongation in 2-inch gage length luring tensile impact tests at -33^C of specimens of normali- 
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Figaro 9.- Irnpact energe alDsorloed in tensile impact tests at -33^C of specimens of normalized 

S.A.S, X4130 steel ("batch 9) 4ftor f atigoire-stressing under axial loading in the 
Faigh machine in tension ranging from 10,500 to 89,500 po^ands iDor square inch (mean stress, 
50,000 IWsq in.). 



-P 
O 



140 

.120 
.100 
.080 
.060 



^.040 
o 

M .020 



0 



1 
















o — 






i 


















1 


) -o- 
8 






























o 




o— 
























0 


































o 












































O SpGcimons with Aloxito 
polish 

-r Spocimons with 4/o pol 

1 i 1 ! 






















ish 


J 






O- H 


h 











0 20 40 60 80 100 120 140 1>0 180 200 220 240 260 280 300x10^ 

Cycles 01 stress 

Fi^rc 10.- Elongation in 2-inch gago length ijiring tensile impact tests at room 

temperature of specimens of normalized S.A.S. X4130 steel (batch 6) 
after fatigae-stressing in the Haigh machine in axial tension ranging from 27,000 
to 127,000 pounds per sq\iare inch for various nmiliers of cycles. Minimum diam.eter 
of specimen, 0.200 inch. Each point represents one STDOcimon. 
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Figaro 11.- Slongation in 2-inch gago length during tensile irapacw tests at -33^C of 

specL^ons of noriaalized X4130 steel (batch 6) after fatigure-stressin- 

in tne iiaign rnachine in axial tension ranging irom 27,000 to 127,000 -oounds X)cr sanaro 
inc.: for various nmahers of cycles. Each poiSt represents one tesHpucSeL^ ^ 
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of specinens of normalized S.A.E. X-xl30 steel (oatch 5) after 
fatigue-stressing in the Haigh machine in axial tension rangin^^ from 27,000 to 
127,000 po^onds per square inch for various numbers of cycles . Each point 
represents one specimen. 
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norrnalizod S.A.S. X4130 steel (batcli 6) after fatigue-stressing in 
the Eaigh macliino in axial tension ranging from 27,000 to 127,000 pounds per 
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Figure 14.- Relationship "between impact energy and elongation in 

tensile Lmpact tests of specimens of nomalized S.A.E. 
X4130 steel (batch 6) after fatigue-stressing under axial loading 
in the Hai gh machine. 
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Figure 15.- Variation of average tensile impact energy with average 

maximum depth of the fatigue crack in fatigued specimens 
of normalized S.A.S. X4130 steel (hatches 3,6, and 9) fatigue- 
stressed under axial loading in the Haigh machine. 
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Figure 16.- Variation of average tensile impact energy with approx- 
imate crack area in fatigued specimens of normalized 
S.A.E. X4130 steel (hatches 3,6, and 9) fatiguo-stressed under axial 
loading in the Haigh machine. 
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(a) After repeated stress- 
ing in the fatigue 
machine . 



(b) After fatigue cracks 
removed by machining 
and surface repolished. 



Figure 18.- Fatigue cracks and other surface disturbances 
Magnification? sS' ^^^^^"^^^^ normalized S.A.E. x4130 steel 
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Figure 19.- Flez^airal fati.mj speciraen of nor:..alizod S.A.E. 

ZC'i:130 stool ,.-;ivon rcpoatod stressing in 
Eayflax niachino and variation of averaj^*o oxtrer.ie-f iber 
stress along the part testel. 




A rigidly clamped part C armature E loading arm 

B flexible support D specimen F indicating needle 



Figure 20.- Assembly used in -Che Rayflex repeated flexural ^ 
fatigue machine. ^ 
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Fig^are 22.- Fatigae strengths for specimens of normalized S.A.S. X4130 steel tested Dy 
repeated flezcure in tiie Rayflex machine at room temperature and at -40^0. 
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Fig. 23 




Figure 23.- Notched fatigue specimens of normalized S.A.E. 

x4130 steel [batch 4) stressed at ±40,000 pounds 
per square inch as rotating cantilever beeuns for 50,000 cycles 
in the Krouse machine. 
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Figure 24.- Notched fatigue specimens of normalized S.A.E. 

x4130 steel (batch 4) stressed at ±40,000 pounds 
per square inch as rotating cantilever teams for 400,000 cycles 
in the Krouse machine. 



